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ABSTRACT OF THE DISSERTATION

Accelerating membrane protein engineering and biocatalysis through phage display
and vortex fluidics

By

Luz Marina Meneghini

Doctor of Philosophy in Biological Sciences

University of California, Irvine, 2016

Professor Gregory A. Weiss, Chair

Protein engineering has significantly contributed to the development of protein-based therapeu-

tics, manufacturing of greener synthetic products, and has also expanded our knowledge of protein

structure and function. Despite its achievements, designing proteins that exhibit a desired property

or activity still remains a challenge. In particular, the inherent hydrophobicity of membrane proteins

and their low expression yields makes site-directed mutagenesis for structure-function studies a dif-

ficult ordeal. Often expression tags are used to increase solubility, but liters of expression media are

required to characterize a single variant. Another challenge in protein engineering is the enhancement

of enzymatic activity of the native protein. This often requires directed evolution approach and a

significant investment of both time and resources. The work here addresses to solve these bottlenecks

by two innovative approaches: phage display of membrane proteins and a vortex fluidic device.

First, phage display and site-directed mutagenesis were used to expedite the protein charac-

terization of the TonB dependent transporter (TBDT) ShuA from Shigella dysenteriae, and elucidate

the mechanism of heme-uptake. Using site-directed mutagenesis, twenty-five ShuA variants were

displayed on the surface of an M13 bacteriophage as fusions to the P8 coat protein. Each ShuA

variant was analyzed for its ability to display on the bacteriophage surface, and functionally bind

to hemoglobin. This technique streamlines isolation of stable membrane protein variants for rapid

xiv



characterization of binding to various ligands. The studies targeting each extracellular loop region of

ShuA demonstrate that no specific extracellular loop is required for hemoglobin binding. Instead two

residues, His420 and His86 mediate this interaction. This approach is generalizable to the dissection

of other phage-displayed TBDTs and membrane proteins.

In another project, a vortex fluidic device was used to enhance enzymatic activity, for the first

time without the need of directed evolution methods. Such device operates by spinning a 20 mm NMR

tube at high rotational speeds to generates a thin film of solution. Within the thin film, the contents

are subjected to high levels of shear stress, mass transfer, and vibrational energy input, which could

accelerate a broad range of chemical reactions and protein folding. For our study, the technique was

applied to four enzymes: deoxyribose-5-phosphate aldolase (DERA), alkaline phosphatase, esterase,

and �-glucosidase. A systematic study of rotational speeds (i.e., frequency), processing time, and

substrate concentration showed that rotational speeds are the most important control parameter for

enzyme activity enhancement. Also, the activity enhancement presents narrow peaks at multiple

frequencies. On average the enzymes displayed a seven-fold enzymatic activity enhancement, with

DERA achieving a 15-fold acceleration. This study provides further evidence of the importance that

mechanical forces can have on enzyme function, and sets the basis for investigating the possible use

of vortex fluidic devices to accelerate protein–engineering studies.

xv



Chapter 1

Engineering membrane proteins for

structural analysis and improving enzymatic

activity of biocatalysis

Abstract

In the last 30 years, protein engineering has grown to develop a wide range of proteins that

are tailored for specific industrial, medical, and research applications. Despite advancements in the

field, challenges remain that prevent structural analysis of membrane proteins, or delay on-demand

customization of a protein with a de novo function. Within the process of protein engineering, three

distinct steps require planning: 1) introducing encoding genetic modifications, 2) expressing the pro-

tein of interest, and 3) purifying the protein to evaluate its structure and activity. These steps can

affect the pace and success at obtaining high yields of the target protein with its desired solubility, sta-

bility, and function. Such hurdles are common setbacks associated with current protein engineering

methods and protocols, where design and validation of even a single target can consume lots of time

and resources from academic and commercial laboratories. This chapter will focus on current protein
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engineering tools and methods that are used to study membrane proteins for structural analysis and

improving catalysis by enzymes commonly used for chemical processing.

Introduction

The field of protein engineering began in 1951, when Frederick Sanger determined the structure

of bovine insulin proving that proteins have a defined structure that is coded by a genetic sequence1.

From this humble beginning, protein engineering has grown into a multidisciplinary field, which

has achieved countless industrial, academic, and therapeutic successes. A notable example includes

the production of human insulin using the E.coli bacterial expression system. Using this technology,

researchers modified the genetic sequence encoding for human insulin, and site specificly acylated the

protein with fatty acids to extend its half-life in the circulatory system of diabetic patients to control

blood glucose levels; essentially saving million lives each year2,3.

Although protein engineering has made great strides in industrial and biomedical applications,

designing proteins that exhibit a desired property or activity still remain a challenge. In particular,

the inherent hydrophobicity of membrane protein and low expression yields makes site-directed mu-

tagenesis for structure-function studies a difficult ordeal. Often expression tags are used to increase

solubility, but liters of expression media is required to characterize a single variant. Another chal-

lenge in protein engineering is the reliance on directed evolution approaches to enhance catalysis of

enzymes used for chemical processing. Iterative rounds of mutagenesis and screening are used to

enhanced activity, but it requires a significant investment of both time and resources.

In this thesis I have addressed the two bottlenecks described above by means of two innova-

tive tools. First, I have used phage display and site-directed mutagenesis to investigate the binding

interaction between hemoglobin and the extracellular loops and histidines of ShuA for heme-uptake.

Chapter 2 demonstrates that ShuA may be binding to hemoglobin by cumulative weak interactions

between its extracellular loops, and two highly conserved histidine residues, H86 in the plug domain

2



and H420 in extracellular loop 7. Second, I have applied for the first time a vortex fluidic device to en-

hance catalysis of four enzymes, without traditional protein engineering methods. Chapter 3 demon-

strates deoxyribose-5-phosphate aldolase, alkaline phosphatase, esterase, and �-glucosidase activity

were significantly enhanced by vibrations generated in the device at specific rotational speeds. These

projects provides two additional tools that can be employed alongside current protein engineering

strategies to improve, re-design, or study membrane and soluble proteins.

This chapter will briefly review the two current protein engineering approaches that are used

to solubilize membrane proteins and evolve enzymes for industrial biocatalysis, techniques used, and

their applications. First, pragmatic reasons for choosing rational design or directed evolution ap-

proach will be highlighted to probe the functionality of amino acid residues, improve existing protein

function, or expand enzymatic activity. Then, a description of the different molecular biology tech-

niques that are used for introducing genetic modifications in the encoding gene, increasing protein

solubility, and selecting a protein variant from a library with a desired improve or altered functional-

ity are made. These techniques include, but are not limited to, overlap extension PCR, quick change

mutagenesis, error prone PCR, DNA shuffling, saturation mutagenesis, affinity-solubility expression

tags, detergents, and phage display.

1.1 Strategies for protein engineering

Different approaches can be used to introduce genetic modifications in to a protein for novel

specificity, function, catalytic activity, and/or stability. Generally, these approaches fall into one of two

main categories: rational design or directed evolution. Figure 1.1 summarizes the two approaches.

Rational design uses mechanistic and structural information known about the protein to guide the

site-directed or site-specific mutations that are introduced to a region of the protein. Often this ap-

proach is used for testing hypotheses about the structural and functional roles of a specific amino acid

residue in the protein. Such as, investigating if alanine or glycine substitutions of specific residues in

the substrate-binding pocket of phosphotriesterase can increase its enantioselectivity towards methyl,
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ethyl, isopropyl, and phenyl containing organophosphotriesters4.

Altering protein specificity

Structure and mechanism known?Yes No

Rational Design

Use the following to guide mutagenesis site(s):

 1) Computational modeling

 2) Sequence comparison

 3) Atomic structure (X-ray, NMR)

 4) Biophysical or biochemical studies

 5) Protein homolog 

Random mutagenesis:

 1) Saturation mutagenesis

 2) Error-prone PCR

 3) DNA shuffling

Use following to guide mutagenesis site(s):

 1) Genetic sequence

 

Directed Evolution

Site-directed mutagenesis:

 1) Whole Plasmid, Single-Round PCR

 2) Overlap Extension PCR

High throughput screen to identify 

protein variant with desired function

or property (ie. therostability, tolerance

 in organic solvents, or novel activity)

Re-engineer protein variant for improved or altered function? 

Evaluation a few protein variants with desired function

or property using:

 1) Enzymatic activity assay

 2) Biophysical or biochemical studies

 3) Atomic structure (X-ray, NMR, cyro EM)  

Repeat

Figure 1.1: Protein engineering strategies for altering protein specificity. Depending on the structural and
mechanistic information known about the protein of interest, a rational design or directed approach is more
suitable. Different techniques can be used to introduce site-directed or random mutations in the gene. Once the
protein variants have been evaluated for desired functions, the process can be repeated.

Since not all proteins are well-characterized and specific amino acids substitutions do not al-

ways result in desired catalytic activity or substrate specificity, directed evolution must rely on proba-

bility. For this approach the gene encoding for the protein of interest is randomly mutated to generate

a library of protein variants. Mechanistic and structural information of the protein is not required,

but, if available, it can be used to target a hotspot region of the protein. Next, these variants undergo
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iterative rounds of screening to identify novel enzyme variants that exhibit the desired phenotype. A

critical feature to the success of directed evolution is that a large portion of the protein variants in

the library are efficiently and reliably screened for enzymatic activity. When the library size is mod-

est, ⇡ 103 - 105, established assays to determine the catalytic activity of the mutants can be adapted

in a relatively straight-forward manner. However, when large libraries are produced, ⇡ 106 - 109,

other procedures must be developed to provide sufficent coverage. Joyce and coworkers developed

a microfluidic device to screen 108 RNA enzyme variants with RNA ligase activity by selecting for

enzymes that could resist neomycin inhibition5.

1.1.1 Genetic techniques for rational design

Two common mutagenesis techniques are used to site-specifically substitute or remove specific

amino acid residues from a gene of interest. The first of these is termed overlap extension PCR6. As

represented in Figure 1.2A, this method requires two polymerase chain reactions to amplify different

regions of the gene of interest, and incorporate mutant codons in each double-stranded DNA prod-

uct. The mutant codons are incorporated by a pair of primers that contain a complementary sequence

region for hybridizing to the template DNA of the gene of interest, and a mismatch sequence region

for introducing the mutation (primers #1 and #3 or primers #2 and #4 in the schematic). Next, the

two double-stranded DNA products are denatured and annealed to one another to form a heterodu-

plex by complementary overlapping regions with the desired mutagenic codons. This heteroduplex

DNA serves as the template for the second PCR. DNA polymerase fills in the gap, and generates

the double-stranded DNA product carrying the desired site-directed mutations. Standard molecular

cloning techniques are used to ligate the final DNA product into a plasmid vector for protein expres-

sion.

The second site-directed mutagenesis method is called whole plasmid single round PCR or

QuikChange site-directed mutagenesis, as it is commercially known. Figure 1.2B illustrates two

oligonucleotide primers that hybridize to the double-stranded DNA plasmid template at opposite
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A B
Two oligonucleotide primers containing 

the desired mutation(s) (red) 
hybridize to DNA template

The original plasmid is extended in a 
single PCR reaction, resulting in 

a nicked circular strand.

DpnI methylase digests the 
methylated, nonmutated parental

 DNA template.

The circular, nicked dsDNA is 
transformed into competent cells. 

The competent cells repair the 
nicks in the mutated plasmids.

First PCR step forms two
 double-stranded DNA products 

Primers #1 and #3 and 
primers #2 and #4 hybridize 

to DNA template.

Primer #1

Primer #2Primer #3

Primer #4

Primer #1

Primer #2
Overlaping regions containing 

mutations (red) anneal to 
form heteroduplex

Second PCR steps fills in gap to 
amplify double-stranded DNA 
product with desired mutations.

Figure 1.2: Site-directed mutagenesis methods. A) Schematic for overlap extension PCR. Two sets of primers
hybridize to the DNA template (primers #1 and #3) and (primers #2 and #4). The complementary sequence in
grey hybridize to the DNA template and the overhanging region in red contains the mutagenic region that is
inserted in the PCR product. The two PCR reactions generate amplicons that are mixed to form a heteroduplex.
This heteroduplex is amplified in the second PCR reaction to make the final product with the desired mutation.
B) Schematic for whole plasmid, single round PCR. Primers containing complementary sequence and desired
mutation(red) hybridize to the DNA template (grey). DNA polymerase amplifies the circular plasmid template
and inserts primer, leaving a nick. The original plasmid templates is digested by DpnI. The remaining dsDNA
with the desired mutation(s) is transformed into competent Escherichia coli cells, where the cellular machinery
repairs the nick.

strands. These primers contain the desired mutation(s) and complementary regions to the DNA tem-

plate. DNA polymerase replicates both template strands and incorporates the mutagenic primers

without displacing them, or introducing overlapping nicks in the heteroduplex DNA products. Next,

the non-mutated parental DNA template is selectively digested by DpnI methylase endonuclease be-

cause it has various methylated A and C residues that were introduced by the E. coli during template

replication. The remaining circular, nicked vector with the mutant gene is then transformed into

competent cells, and the endogenous cellular machinery repairs the nick. The advantages of whole

plasmid, single-round PCR compared to overlap extension PCR is that only one PCR step with two

primers is required. Instead, overlap extension PCR requires two PCR steps with four primers. The
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disadvantages of whole plasmid, single-round PCR relative to overlap extension is that mutagenesis

is limited to the length of the oligonucleotide, and the plasmid cannot be >10 kB.

1.1.2 Genetic techniques for directed evolution

The goal of directed evolution is to mimic the process of natural selection to evolve proteins or

peptides towards a desired function or property. The process begins by introducing random mutations

in to the gene to generate a library of protein variants. Library members are then screened to identify a

protein variant with synergistic mutations that exhibit the preferred activity or characteristic. The most

commonly used method to introduce random mutations is error-prone PCR. This method reduces the

fidelity of DNA polymerase to promote mis-incorporation of incorrect nucleotides during the PCR

reaction, and yields randomly mutated products. The rate of mis-incorporation can be adjusted by

varying the concentration of Mg2+, Mn2+, or dNTPs in the reaction7,8.

Another mutagenesis strategy used to further diversify the pool of randomly mutated DNA is

DNA shuffling. This method digests the double-stranded PCR product with DNaseI to yield short ran-

domly cleaved fragments. The fragments are recombined and reassembled to form double-stranded

DNA consisting of non-mutated regions that hybridize together by base complementation and short

single-strand DNA overhangs with mutations. The short overhang fragments are used as PCR primers

to extend both DNA strands and generate a double-stranded PCR product with combinations of mu-

tations. Often DNA shuffling is combined with error-prone PCR to increase library diversity. For

example, the Arnold group combines both mutagenesis strategies to increase library diversity while

maintaining a low number of variants to screen. This strategy has been successful for evolving p-

nitrobenzyl esterase with increase thermostability while maintaining its activity at low-temperature9.

Saturation mutagenesis is the third random mutagenesis that can be used. This method involves

replacing targeted amino acid residues within a protein with each of the natural amino acids. The

procedure is similar to the previously described overlap extension and whole plasmid, single-round

PCR mutagenesis methods in Figure 1.2. The major difference is that the codons for the targeted
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amino acid are randomized by using a mixture of primers. These primers are designed to have unequal

ratios of C, G, A, and T in the three nucleotide positions for the codon, such that 64 different forward

and reverse primers are generated. Saturation mutagenesis has been successful for increasing the

thermostability of a psychrophilic protease subtilisin S4110.

1.1.3 Screening for protein variants with desired characteristics

High throughput screening (HTS) is an effective approach for simultaneously evaluating en-

zyme activity for hundreds or thousands of protein variant in a library. This process is performed by

distributing the library members into 96 or 384 well microtiter plates, and assaying the protein variants

for enzymatic activity or other desired functions. If the enzyme-catalyzed reaction forms a product

that changes color, the screen can be relatively straightforward. However, not all enzymatic reactions

can cause a color change. Therefore, enzymatic activity assays can be adapted to be colormetric with

one of two methods.

The first method couples the product formation step to a second enzymatic reaction that con-

sumes or generate NAD(P)H by an NAD(P)H dependent dehydrogenase. For example, Jones and

Hirst developed a colormetric assay that detects the oxidation of succinate to fumarate by succinate

dehydrogenase complex II11. This enzyme links the tricarboxylic acid cycle to the respiratory electron

transport chain by catalyzing the oxidation of succinate to fumarate in the mitochondria matrix and

the reduction of ubiquinone-10 in the inner membrane. The coupled-activity assay was prepared by

converting the fumarate product to malate by fumarate hydratase. Then oxaloacetate decarboxylating

malic dehydrogenase catalyzes malate and NADP+ to form pyruvate and NADPH. The formation of

NADP+ to NADPH is detected spectrometrically at 340 nm.

The second method to make an enzymatic activity assay colormetric requires synthetically

linking the substrate to a chromogenic moiety, such as p-nitrophenyl ester (ONp). Upon hydrolysis of

the p-nitrophenylester-substrate the chromophore is released and absorbs at 410 nm12. Both methods

are effective for measuring enzymatic activity, but not all enzymes form a product that can be cou-
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pled to an NAD(P)H dependent dehydrogenase or accept a bulky moiety in the catalytic active site.

Therefore, other HTS systems, such as molecular display technologies, may be required to rapidly

screen for enzymatic activity or evaluate for functional parameters of a protein, such as solubility,

thermostability, or binding to a target.

1.1.4 Molecular display technologies links the phenotype to the genotype

Molecular display refers to the presentation of a protein or peptide on the surface of a virus,

a cell, or a molecular complex such as a ribosome or messenger RNA. The coding information for

the displayed molecule is carried by the entity displaying it. Therefore, a physical link is established

between the properties of the displayed molecule (phenotype), and its DNA sequence (genotype).

All molecular display techniques have an in vivo or in vitro component to selectively propagate pro-

tein or peptide variants that binds to a specific target, or exhibits a different function or property.

In addition, DNA sequencing technology and the genotype-phenotype linkage allow for comparative

analysis of the selected variants to identify beneficial mutations that result in robust protein func-

tion. Table 1.1 provides a list of the different molecular display technologies and typical number of

sequences screened per library.

1.1.5 Phage display

One of the earliest and mot widely used molecular display technologies is phage display13.

This method genetically fuses a peptide or protein sequence to one of the coat proteins of an M13

bacteriophage. The fusion results in a polypeptide that is displayed on the surface of the bacterio-

phage, and the encoding genetic sequence is packaged within the viral particle. Thus, a physical link

between the phenotype and genotype is established. Phage-displayed libraries have a rich diversity

of potential molecular binders, because they can be made from artificial or naturally existing pep-

tides, proteins and protein variants. In addition, their E. coli host can produce up to 1012 virions and

represent each library member. This versatility makes phage display a practical tool for biopanning
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Table 1.1: Molecular Display Technologies

Technology

Average
sequences
screened
per library

Host required
to amplify
variants

Description

Bacterial display 108-109 E. coli
Proteins or peptides are displayed on the surface
of E. coli. The gene is introduced to the cell by
a plasmid.

Phage display 1011 E. coli

Proteins or peptides are displayed on the surface
of an M13 bacteriophage by a genetic fusion to
a P3 or P8 coat protein. The phagemid encoding
for the gene is packaged in the viral particle.

mRNA display 1013

Cell-free.
Reverse-
transcription
PCR.

mRNA and protein are fused by a puromycin
linker.

Ribosome display 1013

Cell–free
transcription
& translation.
Reverse-
transcription
PCR.

mRNA and displayed proteins variants are teth-
ered to ribosome complex.

Yeast display 108-1010 S. cerevisiae Proteins or peptides are displayed on the surface
of yeast by a genetic fusion to a surface protein.

to identify B-cell and T-cell epitope mapping sites14,15,16, dissect protein-protein interactions17,18,19,20,

and generate synthetic antibodies for antigen recognition21,22,23.

1.1.6 Structure of M13 bacteriophage

The filamentous M13 bacteriophage is a non-lytic virus that infects E. coli bacteria for viral

replication. It has an overall rod-like architecture that is 930 nm long and 6.5 nm in diameter, with a

molecular weight of 16.3 MDa. A protein capsid encloses the circular single-stranded viral genome

of about 6400 nucleotides that encodes for 11 genes. The capsid consists of 2700 copies of the major

coat protein pVIII (P8), and is capped at both ends by 3 to 5 copies of the minor coat proteins pVII

(P7) and pIX (P9) at one end, and pIII (P3) and pVI(P6) at the other end24. Most phage applications

fuse the foreign gene to the N-terminus of P3 or P8 coat proteins using the phagemid display system.
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The phagemid is a plasmid that is transformed into E. coli cells for phage display. The

phagemid contains a phage origin of replication, an antibiotic resistance gene and an open reading

frame that encodes the protein of interest as a fusion to the coat protein. It does not encode for all the

coat proteins that package and assemble the viral particle in the cell. By separating protein expression

from viral packaging, large polypeptides (>2 Kb) could be fused to the P8 or P3 coat proteins without

disrupting viral assembly or infectivity to replicate in the E. coli host.

To propagate phage-displayed daughter virions using the E. coli cells that are transformed with

the phagemid requires infection by a helper phage that packages and assembles the viral particle

in the cell. The helper phage provides the genes and the machinery necessary for phage assembly.

The daughter viral particles will have a protein coat that is predominantly wild-type from the helper

phage and few copies displaying the fusion coat protein from the phagemid. Enclosed in the protein

capsid will be the phagemid DNA encoding the displayed gene. By restricting the fusion protein to

a few copies per particle, the deleterious effects of the displayed protein are reduced. For a detailed

description of the materials, methods and space needed for those who want to start phage work, please

refer to the following specialized textbooks24,25,26. Variations of the protocols are found in published

studies.

1.1.7 Biopanning

Biopanning is an in vitro selection technique for identifying phage-displayed peptides or pro-

teins that bind with high affinity to a specific protein or cell target. Figure 1.3 demonstrates that the

selection process can be divided into four major steps. First, the protein or cell target is either directly

or indirectly immobilized to a solid support surface, such as a 96-well microtiter plate. The target can

be directly immobilized by Van der Waals interactions between hydrophobic regions on the target’s

surface and the hydrophobic polystyrene-coated plate27. The target can also be directly immobilized

by a very strong non-covalent interaction (Kd = 10�15 M) between a biotin-labeled target and strepta-

vidin coated microtiter wells. Phage-displayed protein or peptide libraries are prepared as described
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in section 1.1.6 and incubated in the same wells as the immobilized target to permit binding.

Display protein variants
on phage

Phage-displayed 
variants bind to target 

2) Wash away unbound phage

Infect E.coli

4) Amplify binders

1) Immobilize 
protein target

3) Elute bound phage

Figure 1.3: Schematic of biopanning steps.

The second step is the ”panning” or capturing step. Phage-displayed library members that bind

to the immobilized target adhere to the well. The non-binders remain in solution, and are discarded.

The third step is washing. The phage-displayed variants that bind to the immobilized target with

weak affinity or non-specifically are washed away. The variants that bound to the immobilized target

with strong affinity remain on the plate. The final step is eluting the bound phage-displayed variants

by disrupting the binding interaction. The most common method for elution is changing the pH or

denaturing the displayed peptide or protein, which does not affect the bacteriophage or the encoded
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DNA. The eluted bacteriophages infect gram–negative bacteria to produce an enriched library with

binders that are specific to the target. An additional 2–3 cycles of biopanning and propagation can

occur to select for a peptide or protein variant with strong affinity and specificity to the target. Each

variant is identified by DNA sequencing, and the encoded polypeptide sequence is synthetically pro-

duced or recombinantly expressed. Additional biophysical, or pharmacological studies are performed

to investigate substrate specificity and affinity.

1.2 Applications for protein engineering

Protein engineering can be used for a variety of purposes that range from elucidating the

structure-activity relationship of an enzyme to simply improving the yields of an enzyme’s prod-

uct. Each protein target has different amounts of biophysical and mechanistic information available.

A rational design or directed evolution approach may be better suited, but may not lead to a success-

ful outcome. Learning from homologous proteins with similar applications can help the investigator

choose a methodology that will most likely lead to a favorable result.

1.2.1 Probing the functionality of specific amino acid residues

Amino acid side chains can be site-specifically removed or altered to investigate the role it plays

in protein folding or enzymatic function. If removal of a particular side chain results in a decrease or

loss of enzymatic activity, then the side chain must significantly contribute to a catalytic step in the

reaction. If the same mutation results in no observable effect in enzymatic activity, then the side chain

likely plays an insignificant role in protein function.

Alanine substitution is routinely used for investigating the role a particular side chain plays

in enzymatic activity. Alanine’s non-reactive methyl group side chain eliminates contributions made

by functionalities past the amino acid �-carbon. Unlike glycine, alanine does not introduce confor-

mational flexibility in to the protein’s backbone, which can complicate interpretation of the observed
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effects. The methyl side chain acts as a place holder for any bulky side chain to preserve the protein’s

native structure.

Site-specific mutagenesis was first used to investigate the mechanism of enzyme catalysis by

Tyrosyltransfer RNA synthetase (TyrRS). Tyrosyltransfer RNA synthetase plays a central role in the

translation machinery by catalyzing the aminoacylation of tRNATyr with tyrosine by a two-step reac-

tion. First, TyrRs activates tyrosine using ATP to form tyrosyl adenylate. Then, the activated tyrosine

is transfered to tRNATyr for peptide incorporation28. In the 1980s, Winter and colleagues gathered

genetic, structural and mechanistic information of the Bacillus stearothermophilus TyrRS29,30,31,32,33.

They used the information of TyrRS to investigate the role Cys-35 has on activating tyrosine with

ATP34.

The crystal structure of TyrRS demonstrates that the thiol group of C35 forms a putative hy-

drogen bond with the ribose portion of ATP31. Winter and colleagues generated a C35S and a C35G

mutant to eliminate contributions by the thiol group or the entire side chain, respectively. The wild-

type enzyme and its variants were recombinantly expressed in E. coli cells and measured for enzy-

matic activity. Kinetic measurements of the purified enzyme variants showed a 3-fold decrease in

the amino-acylation and pyrophosphate exchange rate as compared to wild-type TyrRS. These results

confirm their hypotheis that C35 is required for tyrosine activation by ATP. In addition, kinetic mea-

surements demonstrate the C35 side chain stabilizes the bound substrate in its transition state, rather

than its ground state, with ⇡1 kcal mol�1 of binding energy34.

Since these initial site-directed mutagenesis studies were implemented, our knowledge of the

catalytic steps of TyrRS has been further expanded using similar approaches. For example, Bedouelle

and colleagues constructed 14 TyrRS mutants by site-directed mutagenesis, measured their kinetic

properties and modelled the data to understand how TyrRS recognizes tRNA(Tyr). They found TysRS

relies on the identity determinants (the anticodon bases, the C1-G72 base pair, and the discriminator

base A73) in the cognate tRNATyr to specifically aminoacylate tyrosine35. Fersht and coworkers

demonstrated the high fidelity by TyrRS for tyrosine instead of phenylalanine is achieved by E176,
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which sits at the base of the amino-acid side-chain binding pocket in TyrRS. Alanine substitution of

E176 leads to a 105 decrease in fidelity by TyrRS. This effect is attributed to the avoidance of an

unsolvated charge by E176. phenylalanine and tyrosine differ from each other by a single hydroxyl

group. The phenolic hydroxyl group of tyrosine can form a charge-dipole hydrogen bond to the

negatively charged carboxylate of E176. Phenylalanine lacks this group, and it buries E176 in an

unfavorable apolar environment36.

1.2.2 Improving existing protein function or expanding new function

Enzymes are increasingly being used as biocatalysts in organic synthesis reactions, because

they provide many benefits over traditional chemical methods37,38,39. For example, enzymes catalyze

highly chemo–, regio–, diastereo–, and enantioselective– reactions with exquisite control. Their high

selectivity under mild conditions reduces the amount of protecting groups and toxic heavy metals

traditionally used in chemical reactions. However, the conditions used for chemical processing are

often incompatible with enzyme stability. Enzymes prefer to operate at room temperature in aque-

ous solutions with neutral pH values, and limited substrates. Biocatalysts are expected to robustly

function with various unnatural ligands, accept bulky protecting groups, and withstand harsh chem-

ical conditions such as: acidic or alkaline pH, high temperature, and organic solvents. To overcome

the limitations of natural biocatalysts, their catalytic or physical properties needs to be modified to

process specific industrial compounds.

The E. coli D-2-deoxyribose-5-phosphate aldolase (DERA, E.C. 4.1.2.4) is used as a biocat-

alyst to form (3R,5S)- 6-chloro-2,4,6-trideoxyhexapyranoside, a valuable chiral precursor for statin

drugs such as atorvastatin (Lipitor)40,41,42. The native enzyme functions in the pentose-phosphate

pathway to reversibly form D-2-deoxyribose-5-phosphate from acetaldehyde and D-glyceraldehyde-

3-phosphateby by a covalent schiff base intermediate43,44,45. As a biocatalyst, DERA generates the

highly stereospecific (3R,5S)-6-chloro-2,4,6-trideoxyhexapyranoside product by two sequential aldol

reactions with chloroacetaldehyde and two equivalents of acetaldehyde (Figure 1.4).
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Figure 1.4: A) In vivo reaction catalyzed by DERA, cleavage of 2-deoxy-D-ribose 5-phosphate to acetalde-
hyde and D-glyc-eraldehyde-3-phosphate.. B) DERA-catalyzed stereoselective tandem aldol reaction, us-
ing chloroacetaldehyde and two equivalents ofacetaldehyde, yielding (3R,5S)-6-chloro-2,4,6-trideoxyhexa-
pyranoside, a precursor for (3R,5S)-3,5,6-trihydroxyhexa-noic acid, the key chiral building block for vastatin
drugs, like atorvastatin (Lipitor).

The native form of DERA is ineffective in large-scale reactions required for commercial use.

It has a low affinity for chloroacetaldehyde, and the enzyme permanently inactivates in the presence

of excess substrate41. Mink and coworkers used directed evolution to engineer DERA for increased

resistance to chloroacetaldehyde inhibition and enhanced enzymatic activity. They used error-prone

PCR to generate a library of DERA variants and screened 20,000 variants for enzymatic activity at

increasing concentrations of chloroacetaldehyde. A two-fold increase in chloroacetaldehyde resis-

tance was observed in 63 variants, and each encoded for various substitutions or deletions mutations

in its C-terminus. In addition, a F200I variant displayed a 14-fold improvement in enzymatic activity

and a two to three fold lower KM for chloroacetaldehyde. The most beneficial mutations identified in

the former screen were recombined by site-directed mutagenesis, and resulted in synergistic improve-

ments of DERA as an industrial biocatalyst. For example, a 10-fold increase in catalytic activity in

the presence of 1 M acetaldehyde and 500 mM chloroacetaldehyde than the wild-type under industri-

ally relevant conditions was observed by a DERA variant with an F200I mutation and a C-terminal
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deletion, or a variant with a Y259T mutation and a 9-residue extension in the C-terminus46.

Metagenomes screening is an alternative strategy to identify a DERA variant with increased re-

sistance to chloroacetaldehyde inhibition and enhanced enzymatic activity without using conventional

directed evolution47. This strategy takes advantage of nature’s rich diversity of functional protein

variants. The variants are screened for enzymatic activity without sorting through detrimental or null

mutations that are often introduced by conventional directed evolution. Greenberg and colleagues

screened genomic DNA libraries isolated from soil bacteria that produce (3R,5S)-6-chloro-2,4,6-

trideoxyhexapyranoside. A variant was identified that catalyzes formation of the two stereogenic

centers with resultant enantiomeric excess of >99.9% and diastereomeric excess of 96.6%. In ad-

dition, the DERA variant demonstrates a 400-fold improvement of volumetric productivity relative

to the enzymatic reaction conditions with wild-type E. coli DERA. Sequence alignment between the

wild-type E. coli DERA and the soil-bacteria derived variant was 37% identical, suggesting traditional

directed evolution methods would have been challenging to select for an equivalent variant48.

DERA has a strong preference for the negatively charged phosphorylated substrates, which lim-

its the number of substrates that can be used for organic synthesis49. To broaden the range of DERA

substrate by mutagenesis, Wong and co-workers used the X-ray crystal structure of E. coli DERA

complexed with D-2-deoxyribose-5- phosphate50 to design five variants that targeted the active site

(K172E, R207E) or the phosphate binding pocket (G205E, S238D, and S239E). They hypothesized

that introducing a negative charge into these sites would result in an electrostatic repulsion with the

phosphate moiety of the native substrate, and thus favor the unnatural non-phosphorylated substrate

in the retroaldol reaction.

All variants demonstrate a decrease in activity towards the natural D-2- deoxyribose-5-phosphate

substrate. DERA S238D was the only variant that catalyzes the retroaldol reaction using the unnatural

substrate. In addition, the selected variant shows a 2.5-fold improvement in activity for the unnatural

substrate (5 s�1 M�1) compared to wild-type DERA (2 s�1 M�1). The S238D variant also exhibited

significant activity toward other unnatural substrates, such as 3-azidopropinaldehyde and acetalde-
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hyde. The former reaction generates a key intermediate in the synthesis of atorvastatin, which the

wild-type DERA cannot form51. Given the broad importance of C-C bond formation in organic syn-

thesis, the S238D DERA and other variants are promising biocatalyst for organic synthesis.

1.2.3 Solubilizing inherently insoluble membrane proteins

Nearly 30% of the eukaryotic genome is comprised of membrane proteins52. These proteins

play a vital role in many critical biological processes, including mediating the passage of information

and nutrients in and out of the cell.

Despite their importance, this class of proteins is not well-characterized compared to soluble

and hydrophilic proteins. In fact, their hydrophobic nature makes them difficult to study by most

biophysical characterization techniques. Furthermore, recombinant expression of membrane proteins

in E. coli does not produce high yields, which is particularly problematic for structural studies like

X-ray crystallography and NMR that require large amounts of pure protein. This issue has been

attributed to the formation of inclusion bodies53. Finally, membrane proteins are prone to aggregation

in aqueous solutions once they are isolated from the lipid bilayer of the cell membrane.

Because of their nature, traditional membrane protein engineering procedures are required to

empirically identify a detergent, membrane mimic, or modification that can be used to recombinantly

express and stabilize the membrane protein of interest. This task is generally time consuming, as it

requires many iterations of protein expression and testing.

1.2.4 Detergents stabilize membrane proteins in solution

Detergents are essential for reconstituting membrane proteins from their lipid environment,

and recrystallization or NMR studies54,55,56. Detergents are amphipathic molecules, consisting of

a polar head group and a hydrophobic chain (or tail). Due to their structural similarity to lipids,

detergents are able to solubilize membrane proteins removed from the lipid bilayer, while preserving
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the integrity of the proteins (Figure 1.5). Above a certain concentration in an aqueous environment,

detergent molecules spontaneously associate to form spherical micellar structures. This concentration

is termed the critical micellar concentration (CMC). The micelles form by non-covalent interactions

between the hydrophobic tail of the detergent molecules to avoid interacting with the surrounding

water molecules57. In the presence of membrane proteins, the micelles interact with the hydrophobic

regions of the protein, and mimic the amphiphilic environment in the lipid bilayer58,59.

Detergent solubilized
membrane proteins

Membrane proteins
embedded in lipid bilayer

Figure 1.5: Schematic of a protein-detergent micelle. Orange, blue, and tan regions on both protein and de-
tergents depict hydrophilic portions. The hydrophobic regions are black. In the native cellular environment,
hydrophobic domains of the membrane protein are embedded in the lipid bilayer. Membrane proteins are prone
to aggregation upon extraction from the plasma membrane. Detergent molecules shield the hydrophobic areas
and stabilize the protein in solution. (Figure modified from Sanders and Prosser, 199858.)

Detergents are composed of different shapes and sizes. In addition, they are generally classi-

fied by their structure and charge into four major categories. Ionic detergents contain a positively or

negatively charged head group with a nonpolar hydrocarbon chain or steroidal backbone. Ionic deter-

gents, such as sodium dodecyl sulfate (SDS), are very effective in solubilizing membrane proteins, but

they can also denature the protein. Dialysis or buffer exchange of the protein into another detergent

solution may be required to promote refolding of the protein, such as �-barrel proteins from bacterial

outer membranes60,61.

Nonionic detergents have an uncharged hydrophilic head group that is either polyoxyethy-

lene or glycosidic. They are generally considered to be mild and relatively non-denaturing, which
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simplifies purification and characterization of the membrane protein. For example, alkyl glycoside

detergents can solubilize Neurospora cytochrome oxidase, without disrupting the protein’s structural

features or enzymatic activity. Reconstituted Neurospora cytochrome oxidase in a solution of octyl

beta-D-glucopyranoside exhibits a tenfold increase in activity than using other commercially available

nonionic detergents, such as Tween-20 or Triton X-10062.

Zwitterionic detergents combine the properties of ionic and nonionic detergents. They have

been used in structural studies of membrane proteins. For example, NMR studies of the insertase

BamA in LDAO micelle demonstrates the variable insertion region of BamA, located in the extra-

cellular lid loop L6, has high local flexibility63. The dynamic motion of the loop is attributed to the

protein’s function in the Bam complex to insert nascent �-barrel proteins into the outer membrane of

gram–negative bacteria.

When selecting a detergent, it is important to consider its unique properties and the particular

technique or application for its usage. For instance, in spectroscopy studies it is important to avoid

detergents that have an absorbances overlapping with the protein’s sample. For X-ray crystallography,

it is recommended to use a detergent that promotes tight packing of the protein-detergent complexes

within the crystal lattices, but doesn’t crystallize itself. Therefore, the consensus recommends to em-

pirically assay for the best detergent. Hampton Research sells a detergent screen kit (HR2-406) to

rapidly evaluate different detergent that solubilize or crystallize the protein sample. For a comprehen-

sive list and description of detergents available, the following reviews are recommended57,54,64.

1.2.5 Protein fusions for improving expression or purification of membrane

proteins

Another method for increasing solubility of a membrane protein during protein expression

is by genetically fusing the protein of interest to a solubility– affinity tag. As the name suggests,

these tags have the dual function of facilitating soluble expression and increasing the efficiency of

protein purification. The most commonly used tags are maltose-binding protein (MBP)65 and glu-
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tathione S-transferase (GST)66. Other solubility-enhancing fusion partners include thioredoxin (Trx),

N-Utilization substance (NusA), and Disulfide bond C (DsbC), but the protein of interest would re-

quire an additional affinity tag for purification. Dominic and Chatterjee provides a comprehensive

review of the different tags that can be used to improve protein expression and increase their yields

for biochemical and structural analysis67. Each protein fusion partner has a unique property that fa-

cilitates solubilizing some membrane proteins, but not others. Thus, only experimental results can

determine which tag will work best for a specific application. The unique attributes of the two expres-

sion tags, maltose binding protein (MBP) and glutathione-s-transferases (GST), have demonstrated

numerous successes at improving the solubility of different types of membrane proteins for structural

analysis.

MBP functions in transporting maltodextrins for catabolism in E. coli. This protein strongly

binds to amylose resin to purify MBP-tagged proteins from the cell lysate by affinity chromatography.

Using an amylose- agarose column, this one-step purification method can yield protein-fusion partners

with up to 70-90% purity68. In addition, the 42 kDa MBP has chaperone-like qualities that facilitate

correct protein folding of the MBP-tagged proteins, and enhance its activity69,70. The pMAL ex-

pression vectors series (New England Biolabs) is commercially available for generating MBP-tagged

proteins.

GST catalyzes the conjugation of electrophilic substrates to glutathione for detoxifying the cell

from xenobiotics, foreign chemical species that can pose harm to the cell71. This 26 kDa enzyme

was developed into a solubility-affinity purification tag because it is highly soluble and binds to glu-

tathione resin with high affinity. The use of GST fusion proteins has been particular successful in

high-throughput proteomics and activity-dependent studies for recombinant protein expression and

directional immobilization of the proteins on microarrays72,73,74.
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1.2.6 Tag removal

Following protein expression and purification, some applications require the affinity tag to be

removed from the protein of interest. This is particularly relevant when the efficacy of the therapeutic

proteins can be affected, or when the proteins native conformation can be disrupted by the presence

of the tag during structural studies. Removal of the solubility tag requires engineering a consensus

sequence and cleavage by a site-specific protease between the affinity tag and the protein of interest.

The most frequently used proteases are thrombin and factor Xa for their efficiency at cleaving their

respective five amino acid recognition sites. However, both proteases also non-specifically cleave

other regions of the protein75. Tobacco etch virus protease (TEV) is more specific, because it has

a longer recognition sequence (ENLYFQ/G)76. Temperature, pH, and buffer components can affect

the rate of cleavage. To identify the best conditions for tag removal, analysis of the protein samples

before and after protease treatment by SDS-PAGE, is recommended.

1.2.7 Phage-display of membrane proteins

There are numerous examples that demonstrate phage display of soluble proteins is a pow-

erful technique for protein engineering, affinity reagent discovery and structure-function studies77.

The Weiss group at UC Irvine has demonstrated this technique can also be expanded to acceler-

ate structural characterization and solubilization of membrane proteins. For example, cavelion-1 and

HIV-gp41 cannot be recombinantly expressed in bacterial or mammalian cells. Cavelion-1 is the main

component for the formation of caveolae membranes in receptor-independent endocytosis. HIV-gp41

is required by the HIV virus for incorporation and infectivity. Phage display of cavelion-1 and HIV-

gp41 demonstrated they can be displayed and functional78.

A library of phage-displayed caveolin variants was generated to solubilize the hydrophobic

membrane-anchored domain (residues 103-122) for biochemical analysis79. To identify functional,

and folded caveolin variants, the phage-display library were selected against insolubility with hy-
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drophobic beads, and assayed for binding to HIV gp41, a known caveolin binding partner. Functional

and cellular studies using the recombinantly expressed caveolin variant demonstrated that a direct

protein–protein interaction is required with cavin for membrane evagination in vitro and in vivo79.

Phage display of membrane proteins has also been applied to full length monotopic and mul-

tipass membrane protein, including a 16– and 22– stranded �-barrel protein78,80. �-barrels are an

attractive therapeutic target for combating infectious diseases. These proteins are found in the outer

membranes gram-negative bacteria, acid-fast gram-positive bacteria, pore-forming exotoxins, and mi-

tochondria81. Knowledge of their three-dimensional structures and reaction mechanism are highly

sought for developing effective anti-bacterial therapeutics. However, the insolubility and low expres-

sion yields of �-barrel proteins can make site-directed mutagenesis to probe the structure-function

relationship a major obstacle. Vithayathil and coworkers have demonstrated that monotopic and in-

tegral membrane proteins can be displayed on the surface of am M13 bacteriophage, and remain

functional80. One notable example is the 22–stranded, �-barrel heme transporter, ShuA. This protein

is required for iron acquisition in Shigella dysenteriae by binding to hemoglobin and sequestering

its heme. Successful display of ShuA suggests there is a tremendous potential to overcome the for-

mer barriers of gaining mechanistic information for this important class of proteins. Chapter 2 will

describe using phage display to dissect the binding interaction between a �-barrel outer membrane

protein from Shigella dysenteriae ShuA, and hemoglobin to elucidate the initial steps in the heme

uptake mechanism.

1.3 Mechanical forces affect enzyme activity

Industrial companies are always seeking methods to improve the activity of biocatalysts to

increase production, and decrease the costs associated with enzyme cultivation. Current methods

use protein engineering to physically mutate enzymes. However, this can be difficult to accomplish

without detailed knowledge of enzyme structure and functional dynamics, which can be expensive,

time-consuming and inefficient.
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Pressure has long been recognized as a potential denaturant of proteins, but there is evidence

to suggest that pressure can also be used to increase the activity and/or stability of biocatalysts. For

example, ↵-chymotrypsin demonstrated a 6.5-fold increase in activity for an anilide substrate at 4700

atm (4.7 kbar) and 20 �C82. Hlavsova et al., demonstrated lipase activity from porcine pancreas,

C. antarctica, Aspergillus oryzae, Candida cylindracea, Penicillium roqueforti, Aspergillus niger,

Rhizopus arrhizums, Mucor miehei, and Pseudomonas cepacia increases after reacting at 40 �C and

15 MPa in supercritical CO2. Lipase from R. arrhizums exhibited the most significant increase in

activity by 50-fold83.

Although the mechanism for improved enzymatic activity by pressure is not well understood,

it appears that intramolecular interactions, hydration of charged groups, disruption of water, and sta-

bilization of hydrogen bonds may all play a role84. Each enzyme responds differently to high pressure

depending on the pressure range, temperature, pH, solvent or media, and substrate. Enzymes have

been demonstrated to be capable of operating up to pressures of 200-600 bar85. The food industry

for example, uses pressure to denature enzymes as a way to preserve food. However, it has also been

shown that85 below these threshold levels, for some biocatalysts pressure can also improve enzymatic

activity without resorting to directed evolution.

1.3.1 Mechanical control of chemical reactions by a vortex fluidic device

Researchers in the Raston group (Flinders University) have developed a low-cost, benchtop

device called a vortex fluidic device (VFD) to accelerate chemical reactions. In this device, a glass

NMR tube (20 mm by 150 mm) is spun rapidly (>5 krpm) at a 45� angle. At high rotational speeds,

the solution within the sample tube forms a thin fluid film that is ⇡200 µm thick. The liquid flows at

the same speed and direction as the wall of the glass tube (Figure1.6). Applications with the vortex

fluid device include a number of chemical transformations such as the assembly line synthesis of the

local anesthetic lidocaine, Diels-Alder dimerization of cyclopentadienes, and several other organic

transformations87,86,88.
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Figure 1.6: Schematic representation of a bench-top vortex fluid device (VFD). A 20 mm diameter glass NMR
tube, 150 cm long, and inclined at a 45� angle is held in place. When spun at high speeds (over 5000 rpm), the
liquid inside the sample tube is forced into thin microfluidic films of about 250 µm thick for a 1 mL volume
(red outline). The thickness of the film is dependent on the rotational speed and angle of the tube86.

In addition, to accelerating chemical reactions, a collaboration between the Raston and Weiss

groups have demonstrated the vortex fluidic device (VFD) can also be applied for protein folding.

Yuan and coworkers demonstrated the VFD is effective at folding four different proteins within min-

utes at room temperature. Such capabilities were ascribed to the shear forces generated by the de-

vice89. Stear stress and high hydrostatic pressure are similar mechanical forces that have demonstrated

to disrupt oligomer formation or increase protein folding by reducing nonspecific aggregation90,91.

Since VFD processing can affect both organic reactions and protein folding, we hypothesized biocat-

alysts could also benefit from VFD-mediated processing. Chapter 3 will elaborate on using the vortex

fluidic device as a generalizable tool to accelerate enzymatic catalysis.
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1.4 Conclusion

Proteins perform a diverse set of functions including gene regulation, nutrient transport, en-

zymatic catalysis, and structural support. Advances in recombinant DNA technology have enabled

researchers to engineer proteins with a new or improved function by altering the genetic sequence for

its encoding gene. These modifications result in changes in the amino acid sequence that dictates the

three-dimensional structure, and specific activity of the protein. Protein engineering has been suc-

cessfully applied for therapeutic and industrial applications. Such as improving the thermostability

of hydrolases with enhanced resistance to organic solvents. However, challenges remain, and require

innovative solutions.

In particular, it is difficult to obtain structural and mechanistic information for membrane pro-

teins. Membrane proteins are essential for regulating cellular metabolism and homeostasis by func-

tioning as signaling receptors, transporters, ion channels and enzymes. Although they are considered

high-priority targets for drug design, there is a lack of structural and biochemical information on

them as compared to soluble proteins. This gap of information stems from the inherent hydrophobic-

ity of membrane proteins, which makes them prone to aggregation. To obtain sufficient quantities for

structure analysis, membrane proteins require liters of expression media, and detergents to mimic the

lipid-bilayer and solubilize the protein.

Vithayathil and coworkers have demonstrated that monotopic and integral membrane proteins

can be displayed on the surface of am M13 bacteriophage, and remain functional80. In particular,

successful display of the heme transporter ShuA, suggests that phage display may be a useful tech-

nique for site-directed mutagenesis studies to investigate its binding interaction with hemoglobin, and

investigate other homologous proteins. �-barrel proteins are found in the outer membrane of bacterial

pathogens, and can be effective targets for antimicrobials.

Another challenge for protein engineering is the difficulty of enhance native enzymatic activity

without relying on directed evolution. Directed evolution is a powerful approach for creating novel
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enzymatic catalysts for organic chemical synthesis with high specificity that cannot be found in na-

ture. However, the approach can be time-consuming and expensive as compared to the fast deadlines

dictated by industry. Mechanical forces such as stear stress and high hydrostatic forces have demon-

strated effective disruption of oligomers, promoting protein refolding, or increasing enzyme catalysis.

The Raston group in University of Flinders have developed a vortex fluidic device to harness kinetic

energy to accelerate chemical reactions. A joint study between the Raston and Weiss groups has

demonstrated proteins can also be refolded using the device. Exploring whether enzymatic cataly-

sis could be enhanced by mechanical forces imposed by the device could prove useful for industrial

applications, and lay the foundation for a new method in enzymology research.
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Chapter 2

Dissecting the binding interaction between a

�-barrel outer membrane protein from

Shigella dysenteriae ShuA, and hemoglobin

by phage display

Abstract

Membrane proteins (MPs) constitute a third of all proteomes, and contribute to a myriad of cel-

lular functions including intercellular communication, nutrient transport and energy generation. For

example, TonB-dependent transporters (TBDTs) in the outer membrane of Gram-negative bacteria

play an essential role transporting iron and other nutrients into the bacterial cell. The inherently hy-

drophobic surfaces of MPs, complicates protein expression, purification, and characterization. Thus,

dissecting the functional contributions of individual amino acids or structural features through mu-

tagenesis can be a challenging ordeal. Here, we apply a new approach for the expedited protein

characterization of the TBDT ShuA from Shigella dysenteriae, and elucidate the protein’s initial
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steps during heme-uptake. ShuA variants were displayed on the surface of an M13 bacteriophage

as fusions to the P8 coat protein. Each ShuA variant was analyzed for its ability to display on the

bacteriophage surface, and functionally bind to hemoglobin. This technique streamlines isolation of

stable MP variants for rapid characterization of binding to various ligands. Site-directed mutagenesis

studies targeting each extracellular loop region of ShuA demonstrate no specific extracellular loop is

required for hemoglobin binding. Instead two residues, His420 and His86 mediate this interaction.

The results identify a loop susceptible to antibody binding, and also a small molecule motif capa-

ble of disrupting ShuA from S. dysenteriae. The approach is generalizable to the dissection of other

phage-displayed TBDTs and MPs.

2.1 Introduction

Membrane proteins (MPs) perform a wide variety of essential biological functions including

intracellular communication, nutrient transport and energy generation. Their intrinsic hydrophobic

properties require bicelles, membrane mimics or detergents to solubilize the MP in vitro, and prevent

aggregation in an aqueous solution1. This tendency to aggregate complicates structural and biophys-

ical studies of MPs. Therefore, only 1% of the 50,000 unique entries deposited in the Protein Data

Bank (PDB) are MPs2. Similarly site-specific mutagenesis as a tool to dissect structure-function

relationships of MPs is far less commonly applied compared to soluble proteins3,4.

�-barrel MPs offer more structural stability than ↵-helical MPs. Found on the outer membranes

of mitochondria, chloroplasts, and Gram-negative bacteria, �-barrel MPs perform essential cellular

functions including acting as porins, transporters, enzymes, virulence factors and receptors5. This

class of proteins shares common structural features that maintain their stability in the lipid bilayer.

Hydrogen bonds connect the 8 to 22 antiparallel �-strands that form the rigid cylindrical barrel. In

addition, hydrophobic residues face the lipid bilayer exterior, and polar residues line the interior of

the �-barrel. This transmembrane channel can allow passage of polar ligands through the membrane

and into the cell6.
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For this report, we probed the structure and function relationships of key residues of a pro-

tein in a major class of �-barrel membrane proteins, the TonB-dependent transporters (TBDT). This

class of MPs is anchored at the bacterial cell surface, and actively transports nutrients through its

transmembrane channel into the cell for survival and virulence7. TBDTs use a proton motive force

to generate the energy required for transport of essential nutrients across the outer membrane. These

transporters directly interact with the TonB protein in the TonBExbBExbD complex located in the

inner membrane to transduce energy from the proton motive force8.

Bacterial pathogens use TBDTs to transport iron across their outer membrane. Iron, an essen-

tial nutrient, is utilized for redox oxidation catalysis by a myriad of enzymes. However, the bioavail-

ability of free iron in physiological conditions is severely limited by the insolubility of ferric ions

(Fe3+). Additionally, heme-containing proteins sequester free iron in solution. Therefore, bacterial

pathogens have evolved specialized iron acquisition systems to fulfill their biological imperative for

obtaining iron9.

Iron acquisition systems can be simplified into two general mechanisms. The first mechanism

requires a direct contact between the bacterium and iron or iron-containing proteins. In the second

mechanism, siderophores and hemophores are secreted into the extracellular medium to scavenge for

free iron or heme in the surrounding solution or from the hosts iron/heme-containing proteins. Both

iron acquisition systems require a TBDT to transport iron bound siderophores or heme across the

bacterial outer membrane10,11.

Shigella dysenteriae, the causative agent of bacillary dysentery, uses a TBDT to acquire heme

as its source of iron. The Shigella bacterium infects an estimated 165 million people worldwide by

spreading through ingestion of contaminated food or water. About 1 million deaths occur each year

from this infection. Victims are often children under the age of 5 and elderly adults12. Antibiotic

drug resistant strains are emerging13. Hence, novel therapeutic approaches are needed to combat

infections, and reduce its public health burden.
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Extracellular

Periplasm

Figure 2.1: The structure of ShuA from Shigella dysen-
teriae. This model of ShuA protein (PDB 3HFF) high-
lights the proteins extracellular loops (blue), histidine
residues H86 and H420 (red), and TonB plug domain
(tan). The electron density missing in extracellular
loops 4, 5, and 10 results from their flexibility (dashes).
Molecular graphics were made with UCSF Chimera14.

One approach to combat S. dysenteriae

infections could target its ability to acquire

heme. The TBDT ShuA is necessary for ac-

quiring heme as an iron source through a di-

rect interaction with methemoglobin15,16. This

TBDT folds into a typical �-barrel protein with

22 antiparallel �-strands, which are connected

by eleven short turns on the periplasmic face

and eleven flexible extracellular loops that co-

alesce at the mouth of the pore opening. The

N-terminus forms a globular plug domain that

lies within the barrel (Fig. 2.1). In addition, ex-

tracellular loop 7 contains the FRAP (Phe406

- Pro409) and NPNL (Asn434 - Leu437) do-

mains, which are highly conserved in all heme

transporters17,18. Although the basic structure of

ShuA is known, the initial steps in the heme-uptake mechanism remain largely uncharacterized. Nu-

merous examples of iron-scavenging TBDTs have demonstrated that motifs in its flexible extracellular

loops or histidine residues near the pore opening play a role in recognition and binding to the iron

source19,20,21. The structural and functional similarities between ShuA and other TBDTs suggested

that ShuA could use a similar mechanism to bind hemoglobin and subsequently extract heme.

To investigate the role of hemoglobin binding by extracellular loops and histidine residues

near the pore opening, we introduced site-directed mutations in ShuA’s extracellular loops and key

histidines. Previous work in our laboratory has examined the scope of using phage display as a tool for

solubilizing different types of membrane-associated proteins, including single or multipass integral

MPs and peripheral MPs. These studies have demonstrated that functional membrane proteins can

be displayed on the phage surface, particularly the peripheral, monotopic and �-barrel membrane
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proteins22,23,24,25. Here, we apply MP phage display to study structure-function relationships in an

MP.

Specifically, site-directed mutagenesis examined the extracellular loops and key histidines

proximal to the �-barrel opening of the TBDT ShuA. Each MP variant was displayed on the surface

of an M13 bacteriophage, and evaluated for display levels and ligand binding. This phage display

approach requires relatively low amounts of protein expression in E. coli for straight-forward purifi-

cation and rapid analysis of each MP variant. Furthermore the 16.5 mDa bacteriophage can act as a

solubilizing handle for ShuA to allow relatively high throughput assays for MP dissection.

2.2 Results and Discussion

Expressing the TBDT ShuA on the M13 bacteriophage surface

Previous reports by our laboratory have demonstrated successful display of full-length (70kDa)

ShuA on an M13 filamentous bacteriophage25. For these studies, wild-type ShuA and its site-directed

variants were fused through their C-termini to the major coat protein (P8) of the M13 bacteriophage

or phage through a flexible Gly-Ser linker. A FLAG peptide epitope (amino acid sequence of D Y K D

D D D K) was fused to the N-terminus of each ShuA variant to monitor its display levels on the M13

bacteriophage surface. These site-directed mutagenesis studies of a phage-displayed TBDT enable

rapid screening of MP variants, and provides the first mutational analysis of hemoglobin binding by

ShuA.

After initial failures to provide consistent display of ShuA with each batch of phage, the fol-

lowing conditions were obtained. First, the incubation temperature during phage propagation was

lowered to 25 �C. At this temperature, the rate of protein synthesis slows, and can allow the �-barrel

machinery (BAM) complex time to fold and properly assemble the protein in the outer membrane26.

Next, adding helper phage to the seed culture upon reaching a cell density of OD600 = 0.4 - 0.5 (not
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the conventional 0.6) produced more consistent yields of phage and levels of displayed ShuA. Similar

approaches are often used to improve the recombinant expression of toxic or membrane-associated

proteins27. Additionally, phage-displayed ShuA, wild-type and its variants, were stored in a buffer

solution supplemented with N, N-dimethyldodecylamine N-oxide (LDAO) detergent. SI Fig. 2.7A,

SI Fig. 2.7B, and SI Fig. 2.7 C demonstrate that this zwitterionic detergent is required for display of

functional ShuA on the phage surface. LDAO can stabilize native conformational states of MPs by

mimicking the lipid bilayer and binding to the hydrophobic regions of the MP28.

Functional characterization of wild-type ShuA on the M13 bacteriophage sur-

face

Four phage-based ELISAs were employed to monitor display levels of wild-type ShuA on the

surface of M13 bacteriophage and to assess its functional binding. The relative binding affinities of

wild-type ShuA to the following immobilized target proteins were assayed: anti-FLAG (↵-FLAG)

monoclonal antibody, anti-ShuA (↵-ShuA) polyclonal antibody, methemoglobin (met-Hb), or TonB.

Relative levels of binding to these immobilized targets was quantified through detection with anti-

M13 antibody (↵-M13) conjugated to horseradish peroxidase (HRP).

To evaluate display levels of wild-type ShuA on the M13 bacteriophage surface, phage dis-

played wild-type ShuA was assayed for binding to immobilized ↵-FLAG or ↵-ShuA antibody. Each

antibody probes for different regions of wild-type ShuA. The ↵-FLAG antibody detects the FLAG

epitope on the N-terminus. The ↵-ShuA antibody recognizes a region within the protein coding se-

quence of phage-displayed wild-type ShuA (SI Fig. 2.8). Figures 2.2A and 2.2B demonstrate that

phage-displayed wild-type ShuA binds well to immobilized ↵-FLAG and ↵-ShuA antibodies, respec-

tively. As expected, no binding was observed for the two negative controls: non-fat milk used as a

blocking agent (NFM) or the bare M13 bacteriophage packaged with an identical phagemid having

four stop codons in place of the ORF encoding ShuA (STOP4). These results combined with DNA

sequencing of the ShuA phagemid confirm full-length wild-type ShuA successfully displays on the
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surface of the M13 bacteriophage.
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Figure 2.2: Functional wild-type ShuA displayed on the phage surface. Phage-displayed wild-type ShuA or
STOP4 (negative control phage) was incubated with immobilized A) anti-FLAG antibody (↵-FLAG), B) anti-
ShuA antibody (↵-ShuA), C) methemoglobin (metHb) or D) a 92-residue C-terminal fragment of TonB (TonB).
Relative levels of the bound ShuA displayed on phage were quantified by anti-M13 antibody conjugated to HRP.
Each data point represents the average of three replicates, and error bars indicate standard deviation around the
mean.

Direct comparison of phage-displayed ShuA with non-phage-displayed ShuA demonstrates the

two proteins bind similarly well to two binding partners. The non-phage-displayed ShuA was pro-

duced by laborious, conventional methods, and stabilized with detergent using analogous conditions

to the phage-displayed protein. Methemoglobin (metHb) and TonB bind to ShuA on its extracellu-

lar and periplasmic sides, respectively16,29. Figures 2.2C and 2.2D demonstrate phage-displayed and

detergent-solubilized, wild-type ShuA bound to immobilized metHb and TonB with essentially iden-

tical, apparent binding affinity. Furthermore, treatment of the phage-displayed, wild-type ShuA with
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4M urea abolished binding to metHb and TonB, as expected for a denatured protein (SI Fig. 2.9A and

SI Fig. 2.9B). Taken together, these results demonstrate that ShuA displayed on the M13 bacterio-

phage is fully folded and functional, including both membrane proximal sides. Having demonstrated

both successful display of a membrane protein and sensitive assays for its functions, mutagenesis of

ShuA to dissect its mechanism became the next objective.

Site-directed mutagenesis studies of the extracellular loops of ShuA

Two site-directed mutagenesis approaches were used to identify the extracellular loop or loops

used by ShuA to interact with hemoglobin. First, each extracellular loop was individually deleted.

Secondhods hen this. The phage-displayed variants were then examined for display levels and the

ability to bind to hemoglobin. The two mutagenesis approaches ensure that the observed phenotype

results from loss of critical residues required for the interaction, and not structural perturbation. For

example, removal of a critical motif in the extracellular loop region can be expected to abrogate

binding to hemoglobin. In theory, the two approaches should provide complementary and identical

results.

The crystal structure of apo-ShuA (PDB file: 3FHH)18 was used to design the deletion and

alanine-substituted variants. Each construct was generated using overlap extension PCR. At a long

32 residues in length, extracellular Loop 7 was split in half, and two deletion and two alanine sub-

stitution variants were designed to minimize structural perturbation. The two halves were designated

loop 7A (residues 408 - 422) and loop 7B (residues 423 - 439). For each variant, three to six loop

residues remained unchanged in (Table 2.1). These unchanged residues can ensure that the targeted

loop can form a �-turn, which typically requires a minimum of three residues30. DNA sequencing

verified successful mutagenesis. In this report, the extracellular loop deletion and alanine-substituted

phage-displayed variants will be referred to as phage-displayed �L1 or phage-displayed Ala-L1, re-

spectively; the number indicates the mutated extracellular loop, � indicates deletion of the targeted

extracellular loop, and Ala indicates substitution of the targeted loop residues with alanine, respec-
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tively.

Table 2.1: Design of extracellular loop deletion and alanine substitution ShuA variants

Extracellular
Loop

Residue
Positions

Amino Acid Sequence*

1 146 – 151 G T G D H S
2 176 – 189 R G D L R Q S N G E T A P N
3 225 – 238 K N P Q T V E A S E S S N P
4 279 – 286 Q N T G S S G E
5 235 – 226 P G G A T T G F P Q
6 376 – 372 D G Y K D
7A 408 – 422 A P T M G E M Y N D S K H F S
7B 423 – 439 I G R F Y T N Y W V P N P N L R P
8 483 – 487 D F A A A
9 526 – 537 D T D T G E Y I S S I N
10 564 – 578 D R S T H I S S S Y S K Q P G
11 604 – 623 G N A F D K E Y W S P Q G I P Q D G R N

*Bold residues were targeted for mutagenesis either as a deletion or alanine substitution

Small variations in the composition of the loop deletion mutants were explored to examine

the sensitivity of MP display levels to changes involving just a couple of residues. A bottleneck in

conventional MP mutagenesis studies is empirically identifying the optimal length for a loop deletion

variant without perturbing its expression levels or tertiary structure. ShuA loop deletion variants,

�L6, �L7 and �L11 exhibited display levels similar to wild-type ShuA (SI Fig. 2.10A). These

extracellular loop deletion variants were targeted for further mutagenesis by deleting an additional

1 - 2 residues, and the display levels were evaluated. These second versions of ShuA �L6, �L7

and �L11 loop deletion variants could not be displayed on the phage surface (SI Fig. 2.10B). We

hypothesize that the more drastic deletions interfere with protein folding and prevent ShuA variant

display. By establishing a method that rapidly evaluates varying lengths of ShuA extracellular loop

deletion variants, the bottleneck in experimentally probing MP structure is shifted to mutagenesis,

not protein expression or purification. The twelve extracellular loop deletion variants chosen for this

report, ShuA �L1 through �L11, were propagated in identical conditions and assayed in parallel

to allow direct comparisons. The phage-displayed wild-type ShuA provided a positive control and

the 12 variants bound to the immobilized ↵-FLAG antibody at similar levels (SI Fig. 2.11A and SI
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Fig. 2.11B). The results confirm all loop variants used for this study are displayed on the bacteriophage

with similar levels.

Having established similar levels of phage-displayed ShuA �L1 through �L11 variants were

further evaluated for display levels with an ↵-ShuA antibody ELISA. With the exception of ShuA

�L7A and �L7B, each of the extracellular loop deletion variants bound to the ↵-ShuA antibody at

similar levels as phage-displayed wild-type ShuA (SI Fig. 2.11C, SI Fig. 2.11D and SI Fig. 2.11E).

Deletion of loops 7A and 7B decreased apparent binding affinity to the ↵-ShuA antibody. Notably,

display levels for ShuA �L7A and �L7B variants remain about the same, as verified by ↵-FLAG

ELISA. Furthermore, the two loop deletion ShuA variants maintained protein function, as demon-

strated through binding hemoglobin. The results suggest that deleting regions of Loop 7 interferes

with an ↵-ShuA antibody epitope.

Each extracellular loop deletion variant was then tested for hemoglobin binding. Site-directed

mutagenesis studies of TBDT HgbA from Haemophilus ducreyi demonstrate that motifs in the extra-

cellular loops are required to bind hemoglobin, a prerequisite to heme transfer19,31. Thus, removal of

an essential extracellular loop region of ShuA was expected to disrupt the ShuA-hemoglobin inter-

action. However, wild-type ShuA and its loop deletions �L1 through �L11 bind hemoglobin with

similar binding affinity (SI Fig. 2.11F, SI Fig. 2.11G and SI Fig. 2.11H). Thus, unlike other TBDTs,

ShuA does not rely on a specific extracellular loop to recognize and bind to its ligand, hemoglobin.

To control for the possibility of severe structural perturbations caused by loop truncation, these

experiments were repeated with less drastic modifications to ShuA. All residues formerly targeted for

deletion were substituted with alanine. As before, the 12 alanine-substituted ShuA variants were dis-

played on the bacteriophage surface and assayed for display levels and function. The results confirm

no specific extracellular loop is required for the ShuA-hemoglobin interaction (Fig. 2.3A). Further-

more, both alanine-substituted ShuA L7 variants, ShuA Ala-7A and Ala-7B, exhibited similar appar-

ent binding affinity as wild-type ShuA to the immobilized ↵-FLAG and methemoglobin targets. Thus,

display and function for the Ala-substituted loop variants are not perturbed. The phage-displayed
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Figure 2.3: Binding to hemoglobin by ShuA variants with modified extracellular loops. Phage-based ELISAs
for ShuA extracellular loop variants were assayed for functional binding to immobilized hemoglobin (A) and
binding to immobilized anti-ShuA antibody (A0). The relative binding affinities to hemoglobin for each ShuA
variant was calculated as the ratio of A/A0 and normalized to the observed relative binding affinity for the pos-
itive phage control, wild-type ShuA (WT). A) Mutations to ShuA extracellular loops, either deletion (gray) or
alanine substitutions (white) targeted the indicated individual loops. These mutations resulted in no significant
change in apparent binding affinity for hemoglobin. B) ShuA variants with alanine substitutions targeting mul-
tiple extracellular loops (Ala-L3/Ala-L5, Ala-L3/Ala-L6, Ala-L5/Ala-L6 and Ala-L3/Ala-L5/Ala-L6) demon-
strate a 30% decrease in apparent relative binding affinity to hemoglobin. Error bars were calculated from the
error propagation equation with three replicates.
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ShuA Ala-L7A and Ala-L7B bound the ↵-ShuA antibody with decreased apparent affinity as wild-

type ShuA. The loss of ↵-ShuA antibody recognition to the four ShuA L7 variants, two deleted and

alanine substituted L7 halves, stems from ablation of an antibody binding epitope present within

Loop 7 of ShuA (SI Fig. 2.8). The antibody target mapping demonstrated here suggests that vaccine

development could focus on Loop 7.

We next turned our attention to additive effects from multiple loops cooperatively binding to

hemoglobin. To identify if multiple extracellular loops of ShuA are required for hemoglobin binding,

2 or 3 loops of ShuA were substituted simultaneously with alanine. For these studies, extracellular

loop variants ShuA Ala-L3/Ala-L5, ShuA Ala-L3/Ala-L6, ShuA Ala-L5/ Ala-L6, and ShuA Ala-

L3/ Ala-L5/ Ala-L6 were displayed on the bacteriophage surface and assayed for display levels and

function, as described above. The results demonstrate extracellular loops may be required for binding

hemoglobin cooperatively, without the need for a specific recognition motif (Fig. 2.3B). Thus, unlike

other TBDTs, ShuA does not rely on a specific extracellular loop to recognize and bind to hemoglobin,

but each extracellular loop cumulatively contributes a small amount of binding energy to interact with

hemoglobin.

Site-directed mutagenesis studies of conserved histidine residues of ShuA

As shown by the extensive loop mutagenesis and deletion studies detailed here, the extracel-

lular loops of ShuA cumulatively contribute to the hemoglobin-ShuA interaction. Thus, we next

investigated whether the two highly conserved histidine residues of ShuA specifically contribute to its

hemoglobin binding function. Site-directed mutagenesis studies by Wilks and co-workers has identi-

fied ShuA His86, in the solvent exposed N-terminal plug domain, and ShuA His420, on extracellular

loop L7, extract heme from hemoglobin; the single alanine substitution has greatly reduced activity,

and the double Ala-substituted ShuA is non-functional16. Given the potential of these His residues to

participate in hemoglobin binding and heme transfer, the mutants were studied in our phage display

system. The three possible mutants, H86A, H420A, and H86A/H420A, demonstrated high display
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levels on the viral surface, and were recognized by the ShuA specific antibody. However, all three

alanine-substituted ShuA variants have significantly reduced binding to hemoglobin as compared to

the wild-type ShuA positive control (Fig. 2.4). These data demonstrate ShuA H86 and H420 are

required for both heme extraction from hemoglobin, and the initial recognition of hemoglobin.
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Figure 2.4: Substituting alanine for key histidine residues decreased apparent binding affinity of ShuA for
hemoglobin. Phage-based ELISAs for ShuA H86A, H420A, and H86A/H420A were assayed for functional
binding to immobilized hemoglobin (A) and display levels by binding to immobilized anti-ShuA antibody (A0).
The relative binding affinities to hemoglobin for each ShuA variant were calculated as the ratio of A/A0 and
normalized to the observed relative binding affinity for wild-type ShuA, the positive phage control. Numbers
indicate the percentage loss of hemoglobin binding affinity for each ShuA variant. Error bars were calculated
from error propagation for the average of three replicates.

Protein-Protein Interaction Studies with Purified ShuA protein variants and

Hemoglobin

To verify observations made with phage-displayed protein accurately represents the protein

removed from the phage surface, ShuA protein variants H86A/H420A, Ala-L11, and wild-type were

recombinantly overexpressed in the outer membranes of E. coli bacteria. The MPs were isolated

by ultracentrifugation, solubilized in LDAO detergent micelles, and purified by multi-column FPLC

before visualization by SDS-PAGE analysis. Analytical SEC of the purified protein demonstrates

the effective removal of any aggregated protein for subsequent analysis (Fig. 2.5A). A single band

with a 73 kDa molecular mass and >95% homogeneity was observed for the three overexpressed
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Figure 2.5: Non-phage-displayed ShuA protein variants binding to hemoglobin. A) Representative size exclu-
sion chromatogram of a ShuA variant. Inset: Coomassie Blue stained 12% SDS-PAGE gel of purified ShuA
variants. Lane 1, molecular weight markers; Lanes 24, purified wild-type ShuA, Ala-L11 and H86A/H420A, re-
spectively. B) Circular dichroism spectra of purified ShuA variants. Spectra of ShuA wild-type, ShuA L11-Ala
and ShuA H86A/H420A were recorded at 25 �C in 50 mM potassium phosphate (pH 7.5) and 50 mM NaCl con-
taining 0.0458% (w/v) LDAO at a final protein concentration of 5 µM. C) ELISA assay measuring hemoglobin
binding by purified ShuA variants. Purified ShuA protein variants wild-type, L11Ala, and H86A/H420A were
applied to immobilized methemoglobin-coated wells on a microtiter plate at the indicated concentrations. The
amount of ShuA bound to immobilized hemoglobin was detected by through binding by anti-ShuA polyclonal
antibody and secondary anti-rabbit HRP-conjugated antibody, and measured at A450. Error bars were calculated
as the standard deviation of three replicates.
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proteins, including wild-type ShuA (Fig. 2.5A). The three ShuA variants were further examined for

overall secondary structure by circular dichroism (CD). Wild-type ShuA served as a positive control.

Analysis of the CD spectra of ShuA H86A/H420A and ShuA Ala-L11 demonstrate that secondary

structure was not perturbed by the introduced mutations (Fig. 2.5B). Next, the three purified proteins

were tested for binding to hemoglobin; wild-type ShuA serves as the positive control and NFM as

the negative control. As observed for phage-displayed proteins, the ShuA Ala-L11 variant bound to

hemoglobin with similar binding affinity as wild-type ShuA (Fig. 2.5C). The measured EC50 values

for ShuA Ala-L11 and wild-type binding to hemoglobin was ⇡0.53 µM as estimated using non-linear

regression analysis of the dose response curve. This assay confirms the results with phage-displayed

ShuA that extracellular loops can play a cooperative role in the MP-hemoglobin interaction, but have

little individual contributions. In addition, ShuA H86A/H420A bound to hemoglobin significantly

less compared to wild-type ShuA with an EC50 value of ⇡6.9 µM. Again, these results support the

phage-based studies reported here showing that the conserved histidine residues play an essential role

in hemoglobin binding and subsequent heme extraction.

To chemically probe the role histidine residues play in hemoglobin binding, wild-type ShuA

was treated with a histidine-specific reagent, diethylpyrocarbonate (DEPC). Binding to hemoglobin

for the treated ShuA was compared to an untreated, otherwise identical sample. Wild-type ShuA lost

about 60% of its activity for binding to hemoglobin after treatment with 200 µM DEPC (Fig. 2.6).

This observed loss of activity is similar to the mutagenesis studies with phage-displayed and re-

combinantly expressed ShuA H86A/H420A. To determine if the DEPC modification of the histi-

dine residue(s) could be reversed, a DEPC-treated sample was further treated with hydroxylamine, a

reagent widely used to deacylate N-carbethoxyhistidines32. As shown in Figure 2.6, DEPC-treated

wild-type ShuA loss 60% hemoglobin binding activity, and its activity could be partially restored to

a 40% loss through further treatment with hydroxylamine. The failure of hydroxylamine to restore

hemoglobin binding activity of the DEPC-modified wild-type ShuA likely is the result of formation

of N,N-dicarbethoxyhistidine. This double-substituted adduct of His is irreversibly formed in excess

DEPC32. Although histidines residues are clearly important for hemoglobin binding as shown by mu-
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Figure 2.6: DEPC treatment of wild-type ShuA protein abolishes hemoglobin binding. Three samples of wild-
type ShuA protein (5µM) in 50 mM potassium phosphate buffer, 50 mM NaCl (pH 7.0) were treated with and
without 200 mM DEPC. The positive control was an untreated sample. Following treatment one of the DEPC-
treated samples was subsequently treated with 100 mM hydroxylamine. The three samples were assayed in a
hemoglobin ELISA as described above. The relative binding affinity is normalized to the positive control. Error
bars indicate the standard deviation around the mean (n=3).

tagenesis and DEPC treatment, further studies could examine off-target effects by the promiscuous

DEPC on tyrosine and other residues.

2.3 Conclusion

In summary, we sought to identify specific surface-exposed extracellular loops of ShuA that

are important for hemoglobin binding. For these studies, 24 variants of ShuA carrying deletion or

alanine substitutions in each of the surface-exposed extracellular loops were displayed on an M13

bacteriophage surface and evaluated for display levels and hemoglobin binding. We have shown that

individual loops do not significantly contribute to hemoglobin binding. Instead, ShuA may be bind-

ing to hemoglobin by cumulative weak interactions between its extracellular loops, and two highly

conserved histidine residues, H86 in the plug domain and H420 in extracellular loop L7.

This was demonstrated through phage-displayed mutagenesis studies that exhibited a 30%

reduction in hemoglobin binding activity when 3 out of the 11 extracellular loops were alanine-
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substituted. Hemoglobin ELISAs studies with phage-displayed and non-displayed recombinantly

expressed ShuA H86A/H420A that exhibited a significant reduction to hemoglobin binding affinity.

In addition, to a 60% reduction in hemoglobin binding activity with wild-type ShuA treated with the

histidine-specific modifier, DEPC, and a partially restoration in hemoglobin binding activity upon

hydroxylamine treatment of DEPC inhibited wild-type ShuA.

Histidines are common axial ligands of heme-iron in proteins33,34. TBDTs in the heme-uptake

pathway of several Gram-negative bacteria from Yersinia enterocolitica (HemR), Yersinia pestis (HmuR),

E. coli (ChuA), and Poryphyromonas gingivalis (HmuR) demonstrate that histidines are essential for

heme binding, extraction and utilization17,35. For these structurally similar receptors, it is appar-

ent that the combination of conserved FRAP/NPNL domains and histidine, or distinct binding sites

enable them to either functionally recognize specific heme-protein complexes, such as Hb or Hbhap-

toglobin, or recognize multiple heme-protein complexes with a common motif. The point mutations

(H86A and H420A) and double mutations (H86A/H420A) illustrate the key role played by these po-

sitions in the initial hemoglobin-binding step for heme-uptake. These residues are then required for

subsequent heme coordination, and transfer16. These results are in alignment with studies of Y. ente-

rocolitica (HemR) where two histidine residues (H128 and H461) are essential for heme utilization

by the heme receptor HemR; furthermore, P. gingivalis uses histidines (H95, H434) in HmuR for a

similar role17,35.

Additional structural characterization studies are required to elucidate the mechanism his-

tidines plays in forming the ShuA-hemoglobin complex and extracting heme from hemoglobin. Al-

though specific motifs in the extracellular loop regions did not play a significant role in hemoglobin

recognition and binding, they may play an essential role in heme transport through the �-barrel and

into the periplasmic space.

This report demonstrates the tremendous potential of phage-based mutagenesis for protein en-

gineering and structure-function studies of membrane-associated proteins. As demonstrated here, MP

phage display opens the TBDT class of �-barrel proteins to detailed dissection. TBDT represent
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excellent targets for therapeutic and vaccine development, as they necessarily remain exposed and

available for targeting. However, methods to identify key features for such proteins have lagged be-

hind developments in high throughput drug discovery. The phage-based mutagenesis method reported

can be generalizable to many proteins in this class. In the next step, combining phage display with

drug discovery could accelerate and allow more detailed resolution of structure-activity relationships.

2.4 Materials And Methods

Cloning the ShuA variants for phage display and protein expression

Each extracellular loop deletion or alanine-substituted variant of ShuA was constructed by

overlap extension PCR with plasmid pEShuA16 as the template. The resulting PCR product, with

flanking 5’ NsiI and 3’ NcoI restriction sites, was sub-cloned between the secretion signal peptide and

the gene encoding the major coat protein (g8p) for phage display studies, as previously reported25.

The phagemid vector encoding the extracellular loop deletion or alanine-substituted variants of ShuA

served as the template for subsequent PCR amplification with flanking 5’ MscI and 3’ XhoI restriction

sites. The resultant PCR product was then sub-cloned into the pET22b (Novagen) plasmid vector in-

frame with a sequence encoding an N-terminal His6 Tag for recombinant protein expression and

purification. Genewiz LLC performed the DNA sequencing. Sequences of the oligonucleotides used

for mutagenesis appear in the Supporting Information (Table 2.2).

Purification of the phage-displayed ShuA variants

The phage-displayed ShuA variants were purified as described previously25 with the following

changes. The E. coli SS320 cell strain (Lucigen) was transformed with the pM1165a phagemid en-

coding the extracellular loop deletion or alanine-substituted variants of TBDT ShuA. The seed culture

was grown to an OD600 = 0.5 and infected with M13 KO7 helper phage (GE Healthcare) to package

the viral particles. The seed culture was transferred to 250 mL 2YT media supplemented with 40 µg
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/mL kanamycin and 25 µg /mL carbenicillin and incubated at 30 �C. After the second phage precip-

itation step, the phage-displayed ShuA variants were resuspended in ShuA buffer (50 mM Tris, pH

7.8, 50 mM NaCl, and 0.0458% to 0.05% (w/v) N,N-dimethyldodecylamine N-oxide, LDAO). Phage

concentrations were estimated spectrophotometrically (1 OD268 = 8.31 nM).

Phage-based ELISAs

Phage-based ELISAs were performed as described previously22 with the following changes.

To assess display and functionality of the phage-displayed ShuA variants, specific wells of a 96-well

Nunc maxisorb plate were coated for 14-16 h at 4 �C with 100 µL/ well of PBS solution containing

one of the following: monoclonal anti-FLAG M2 antibody (1:1000 dilution) (Aligent Technologies),

a polyclonal anti-ShuA antibody from rabbit serum16 (1:2000 dilution), methemoglobin purified from

red blood cells (10 µg/ml), or His6-tagged TonB protein (10 µg/ml). The blocking agent was 0.2%

w/v non-fat milk (NFM).

Non-phage-displayed ELISA

Non-Phage-displayed ELISAs were performed as described previously22, with the following

changes. The target protein methemoglobin from red blood cells (10 µg/ml) was coated on a microtiter

plate. After blocking with 0.2% w/v NFM in PBS, the indicated concentrations of ShuA variants

(WT, H420A/H86A or Ala-L11) were added to the wells. An anti-rabbit conjugated to horseradish

peroxidase secondary antibody (1:2000 dilution) (Thermo Fisher Sci) was used to measure ShuA-

hemoglobin binding. A sigmoidal dose response curve was obtained to calculate EC50 values for

purified ShuA variants binding to immobilized met-hemoglobin. Non-linear regression analysis was

performed with GraphPad Prism.
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Cloning of TonB protein

A 92-residue C-terminal fragment of the tonB gene (encoding residues 142 - 239) from S.

dysenteriae was PCR-amplified from the expression plasmid pND3416 and cloned into the expression

vector pET28a with an N-terminal His6 Tag and flanking 5’ NdeI and 3’ XhoI sites.

Purification of TonB protein

BL21 (DE3) cells were transformed with pET28a-TonB expression plasmid and incubated for

12 h at 37 �C. An overnight seed culture was transferred to 1 L Terrific Broth (TB) media supple-

mented with kanamycin (40 µg/ml) and incubated at 37 �C with shaking until the cells reached an

OD600 = 0.6. The cells were induced by addition of 1 mM IPTG, and incubated at 25 �C with

shaking for 12 h. The cells were harvested by centrifugation (6,000 g, 15 min) resuspended in lysis

buffer (50 mM Tris pH 7.7, 300 mM NaCl, 10 mM imidazole) supplemented with 1X halt protease

inhibitor (ThermoFisher Scientific), 1 mM phenylmethylsulfonyl fluoride and 10 mM benzamidine

before lysis by sonication. The cellular debris was removed by centrifugation (30,000 g, 45 mins).

The supernatant containing solubilized TonB protein was applied to a nickel-bound IMAC resin (Bio-

Rad) equilibrated with lysis buffer, washed with 10 column volumes of wash buffer (50 mM Tris

pH 7.7, 300 mM NaCl, 50 mM imidazole), and eluted with 10 column volumes of wash buffer sup-

plemented with 250 mM imidazole. Purified TonB protein was further purified by size exclusion

chromatrography and analyzed for purity by SDS-PAGE (SI Fig. 2.12), which demonstrated >95%

homogeneity.

Expression and purification of ShuA protein variants

Seed cultures of E. coli C41 (DE3) cells transformed with pET22b plasmid DNA encoding

ShuA WT, ShuA H86A/H420A or ShuA Ala-L11 were inoculated in 2YT medium supplemented

with 50 µg/mL carbencillin for 14-16 h at 30 �C. The seed cultures were transferred to TB media
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supplemented with 50 µg/mL carbenicillin, and incubated at 30 �C until the cell density reached

OD600 = 0.5. Protein expression was induced by the addition of 1 mM IPTG at 30 �C for 22 h.

Cells were harvested by centrifugation (6,000 g, 15 min), resuspended in buffer A (50 mM Tris-

HCl, pH 7.8, 50 mM NaCl, 12% glycerol) supplemented with 1X Halt protease inhibitor (Thermo

Fisher Scientific), DNaseI (20 µg/mL) before lysis by lysozyme treatment and sonication. The cell

debris was removed by centrifugation (20,000 g, 15 min). The total cellular membranes were pelleted

by ultracentrifugation (105,000 g, 1 h). The inner membrane proteins were solubilized in buffer

A supplemented with 1% (v/v) Triton X-100 and 1% (w/v) N-lauroylsarcosine, and stirred at 4 �C

for 3 h. The outer membrane was pelleted by centrifugation (105,000 g, 1 h), and solubilized in

Buffer A containing 1X Halt protease inhibitor and 1% (w/v) LDAO, and stirred at 4 �C for 16 h.

The cellular membrane debris was pelleted by centrifugation (30,000 g for 1 h), and the clarified

supernatant was applied to nickel-bound IMAC resin (BioRad) equilibrated with Buffer B (50 mM

TrisHCl, pH 8.0, 50 mM NaCl, 0.0458% to 0.05%(w/v) LDAO, 10 mM imidazole, and 12% glycerol).

The column was washed with 10 column volumes of wash buffer (50 mM TrisHCl, pH 7.8, 50 mM

NaCl, 0.0458% to 0.05% (w/v) LDAO, 20 mM imidazole, and 12% glycerol), and eluted with 10

column volumes of wash buffer supplemented with 125 mM imidazole. A fraction of the purified

ShuA protein was analyzed by SDS-PAGE, which demonstrated >95% homogeneity by Ni-IMAC.

The remaining protein was dialyzed into Buffer A supplemented with 0.0458% to 0.05% (w/v) LDAO

and concentrated to 0.5 1 mL with a 50 MWCO filtered vivaspin concentrator (EMD millipore). The

concentrated ShuA was purified from protein aggregates with a Superdex 200 10/300 GL column

equilibrated in 50 mM Tris-HCl (pH 7.8) containing 150 mM NaCl. Purified fractions were analyzed

by SDS-PAGE and pooled for subsequent experimental analysis.

Circular dichroism of ShuA variants

Following overexpression and purification, the His6-tagged wild-type ShuA and variants, Ala-

L11 and H86A/H420A, were dialyzed into 50 mM NaH2PO4, pH 7.8, 50 mM NaCl, and 0.0458%

to 0.05%(w/v) LDAO. A circular dichroism spectrum from 190 to 260 nm was acquired for each
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protein sample (5 µM) on a Jasco spectropolarimeter (model J810) with a 0.1 cm path-length cell, 0.2

mm resolution and 1.0 cm bandwidth at 23 �C. A total of 20 consecutive scans were accumulated for

analysis. DichroWeb was used to analyze the data36.

Determining relative binding affinities for phage-displayed ShuA variants

A single 96-well microtiter plate was used to simultaneously measure display levels and hemoglobin

binding levels for various ShuA variants. The apparent binding affinity was calculated as the ratio be-

tween the binding levels to immobilized hemoglobin for evaluating function (A) and the binding levels

to immobilized anti-ShuA antibody for monitoring the display levels on the phage surface (A0), as

described previously37. The apparent relative binding affinities were determined for each ShuA vari-

ant, and normalized to the apparent binding affinity of wild-type ShuA, which served as the positive

control.

Inactivation of wild-type ShuA protein by diethyl pyrocarbonate (DEPC)

A stock solution of 6.9 M DEPC was freshly prepared by diluting DEPC with cold absolute

ethanol (1:19, v/v). A solution of 0.5 mM DEPC in 0.1 M sodium phosphate buffer (pH 6.5) was

freshly prepared before use and kept on ice. The reaction mixture was prepared with a final concen-

tration of 5 µM wild-type ShuA protein and 0.2 mM DEPC, and incubated at 25 �C for 10 mins.

Hydroxylamine treatment of inactivated wild-type ShuA

After 10 min incubation of wild-type ShuA with 200 mM DEPC, 0.5 M hydroxylamine was

added to a final concentration of 0.1 M. The mixtures were then incubated at 4 �C for 40 min, and

analyzed by a protein ELISA to measure hemoglobin binding.

59



Accession numbers

The National Center for Biotechnology Information accession number for ShuA is P72412,

and TonB Q32GU2.
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2.5 Supporting Information

PCR conditions for generating the ShuA loop deletion or Alanine-substitution

variants

One of the following DNA templates ( 50 ng) were used to generate the ShuA loop deletion

or alanine-substituted variants for phage display or protein expression: pEShuA18, PCR products

containing overlapping regions of the ShuA gene with the mutation of interest, or phagemid DNA

encoding a ShuA extracellular variant. Platinum DNA Polymerase (Invitrogen) was used according

to the manufacturers specifications, with the oligonucleotides listed in Table 2.2, and the following

PCR thermal cycling conditions: 1 cycle of 2 min at 98�C, followed by 30 cycles of 1 min at 98�C, 1

min at 60�C, and 2 min at 68 �C, and finishing with 5 min incubation at 68�C.
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Table 2.2: Oligonucleotides sequences

Oligonucleotide
Label

DNA Sequence (5’ to 3’) Resulting ShuA
variant

OL L1 Sb F TCG TGT CTT TGG TAC TGG CGG CAC GGG
GGC CGC GAG CCT GGG ATT AGG CGC GAG
CGC GTT

Ala-L1

OL L1 Sb R AAC GCG CTC GCG CCT AAT CCC AGG CTC
GCG GCC CCC GTG CCG CCA GTA CCA AAG
ACA CGA

Ala-L1

OL L2 Sb F TTG TGG CCT GGT CCA GTC GCG ATC GGG
GTG ATG CGG CCG CGG CCG CTG CAG CAG
CCG CGG CGA ATG ACG AGT CCA TTA ATA
ACA TGC T

Ala-L2

OL L Sb R AGC ATG TTA TTA ATG GAC TCG TCA TTC
GCC GCG GCT GCT GCA GCG GCC GCG GCC
GCA TCA CCC CGA TCG CGA CTG GAC CAG
GCC ACA A

Ala-L2

OL L3 Sb F TAC AAC AAC GAC GCG CGT GAA CCA AAA
AAT GCG GCG GCC GCA GCG GCT GCG GCA
GCC GCC AAC CCG ATG GTT GAT CGT TCA
ACA ATT CAA

Ala-L3

OL L3 Sb R TTG AAT TGT TGA ACG ATC AAC CAT CGG
GTT GGC GGC TGC CGC AGC CGC TGC GGC
CGC CGC ATT TTT TGG TTC ACG CGC GTC
GTT GTT GTA

Ala-L3

OL L4 Sb F GAA GTC CGT ATT AAT GCG CAA AAC GCA
GCG GCA GCC GGC GAG TAT CGT GAA CAG
ATA ACA

Ala-L4

OL L4 Sb R TGT TAT CTG TTC ACG ATA CTC GCC GGC TGC
CGC TGC GTT TTG CGC ATT AAT ACG GAC
TTC

Ala-L4

OL L5 Sb F TGA GTA TTA TCG TCA GGA ACA ACA TCC
GGG CGG CGC GGC GGC GGC CGC ACC GCA
AGC AAA AAT CGA TTT TAG CTC

Ala-L5

OL L5 Sb R GAG CTA AAA TCG ATT TTT GCT TGC GGT
GCG GCC GCC GCC GCG CCG CCC GGA TGT
TGT TCC TGA CGA TAA TAC TCA

Ala-L5

OL L6 Sb F AGT TAT CGC GGT AGC AGT GAC GGT GCG
AAA GAT GTT GAT GCC GAC AAA TGG TCA
TCT

Ala-L6

OL L6 Sb R AGA TGA CCA TTT GTC GGC ATC AAC ATC
TTT CGC ACC GTC ACT GCT ACC GCG ATA
ACT

Ala-L6
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OL L7A Sb F TGC CCA GGC ATT CCG CGC CCC GAC GGC
GGC CGC AGC GGC AGC CGC GGC TGC GGC
CGC CGC GGC GGG TCG CTT CTA TAC CAA
CTA TTG GGT

Ala-L7A

OL L7A Sb R ACC CAA TAG TTG GTA TAG AAG CGA CCC
GCC GCG GCG GCC GCA GCC GCG GCT GCC
GCT GCG GCC GCC GTC GGG GCG CGG AAT
GCC TGG GCA

Ala-L7A

OL L7B Sb F ACG ATT CTA AGC ACT TCT CGA TTG CGG
CCG CCG CAG CCG CCG CGG CGG CGG CAG
CCG CGG CCT TAC GTC CGG AAA CTA ACG
AAA CTC AGG

Ala-L7B

OL L7B Sb R CCT GAG TTT CGT TAG TTT CCG GAC GTA
AGG CCG CGG CTG CCG CCG CCG CGG CGG
CTG CGG CGG CCG CAA TCG AGA AGT GCT
TAG AAT CGT

Ala-L7B

OL L8 Sb F AAG GAT TAC ATC TCC ACG ACC GTC GAT
GCC GCG GCG GCG ACG ACT ATG TCG TAT
AAC GT

Ala-L8

OL L8 Sb R ACG TTA TAC GAC ATA GTC GTC GCC GCC
GCG GCA TCG ACG GTC GTG GAG ATG TAA
TCC TT

Ala-L8

OL L9 Sb F TAA CCG TAC CCG CGG CAA AGA CAC CGA
TGC CGC GGC AGC GGC GGC CAG CAT TAA
CCC GGA TAC CGT TAC CA

Ala-L9

OL L9 Sb R TGG TAA CGG TAT CCG GGT TAA TGC TGG
CCG CCG CTG CCG CGG CAT CGG TGT CTT
TGC CGC GGG TAC GGT TA

Ala-L9

OL L10 Sb F TTC TCT GTT GGG TGG GTT GGT ACG TTT
GCC GAT CGC GCA GCA GCG GCC GCC GCG
GCT GCC GCG GCG GCA CCA GGC TAT GGC
GTG AAT GAT

Ala-L10

OL L10 Sb R ATC ATT CAC GCC ATA GCC TGG TGC CGC
CGC GGC AGC CGC GGC GGC CGC TGC TGC
GCG ATC GGC AAA CGT ACC AAC CCA CCC
AAC AGA GAA

Ala-L10

OL L11 Sb F ACT ACT TTG GTG TTG GGT AAC GCT GCC
GCC GCG GCG GCC GCG GCG GCG GCA GCC
GCC GCA GCG GCT GGT CGT AAC GGA AAA
ATT TTC GTG

Ala-L11

OL L11 Sb R CAC GAA AAT TTT TCC GTT ACG ACC AGC
CGC TGC GGC GGC TGC CGC CGC CGC GGC
CGC CGC GGC GGC AGC GTT ACC CAA CAC
CAA AGT AGT

Ala-L11

62



OL L1 Del F T CGT GTC TTT GGT ACT GGC GGC ACG GGG
AGC CTG GGA TTA GGC GCG AGC GCG TTT

�L1

OL L1 Del R AAA CGC GCT CGC GCC TAA TCC CAG GCT
CCC CGT GCC GCC AGT ACC AAA GAC ACG
AA

�L1

OL L2 Del F TTG TGG CCT GGT CCA GTC GCG ATC GGG
GTG ATA ATG ACG AGT CCA TTA ATA ACA
TGC T

�L2

OL L2 Del R AGC ATG TTA TTA ATG GAC TCG TCA TTA TCA
CCC CGA TCG CGA CTG GAC CAG GCC ACA A

�L2

OL L3 Del F TAC AAC AAC GAC GCG CGT GAA CCA AAA
AAT AAC CCG ATG GTT GAT CGT TCA ACA
ATT CAA

�L3

OL L3 Del R TTG AAT TGT TGA ACG ATC AAC CAT CGG
GTT ATT TTT TGG TTC ACG CGC GTC GTT GTT
GTA

�L3

OL L4 Del F TTG GTC GGA AGT CCG TAT TAA TGC GCA
AAA CGG CGA GTA TCG TGA ACA GAT AAC
A

�L4

OL L4 Del R TGT TAT CTG TTC ACG ATA CTC GCC GTT TTG
CGC ATT AAT ACG GAC TTC CGA CCA A

�L4

OL L5 Del F TGA GTA TTA TCG TCA GGA ACA ACA TCC
GGG CGG CCC GCA AGC AAA AAT C

�L5

OL L5 Del R GAG CTA AAA TCG ATT TTT GCT TGC GG G
CCG CCC GGA TGT TGT TCC TGA CGA

�L5

OL L6 Del F GAC AGT TAT CGC GGT AGC AGT GAC GGT
AAA GAT GTT GAT GCC GAC AAA TGG TCA
TCT CGT

�L6

OL L6 Del R ACG AGA TGA CCA TTT GTC GGC ATC AAC
ATC TTT ACC GTC ACT GCT ACC GCG ATA
ACT GTC

�L6

OL L7A Del F TAT TTG GCT CAT ATG CCC AGG CAT TCC GCG
GTC GCT TCT ATA CCA ACT ATT GGG TGC CA

�L7A

OL L7A Del R TGG CAC CCA ATA GTT GGT ATA GAA GCG
ACC GCG GAA TGC CTG GGC ATA TGA GCC
AAA TA

�L7A

OL L7B Del F TG TAT AAC GAT TCT AAG CAC TTC TCG ATT
GAA ACT AAC GAA ACT CAG GAG TAC GGT
TT

�L7B

OL L7B Del R AAA CCG TAC TCC TGA GTT TCG TTA GTT
TCA ATC GAG AAG TGC TTA GAA TCG TTA
TAC A

�L7B
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OL L8 Del F AAG GAT TAC ATC TCC ACG ACC GTC GAT
GCG GCG GCG ACG ACT ATG TCG TAT AAC GT

�L8

OL L8 Del R ACG TTA TAC GAC ATA GTC GTC GCC GCC
GCA TCG ACG GTC GTG GAG ATG TAA TCC
TT

�L8

OL L9 Del F TAA CCG TAC CCG CGG CAA AGA CAC CGA
TAG CAT TAA CCC GGA TAC CGT TAC CA

�L9

OL L9 Del R TGG TAA CGG TAT CCG GGT TAA TGC TAT
CGG TGT CTT TGC CGC GGG TAC GGT TA

�L9

OL L10 Del F TTC TCT GTT GGG TGG GTT GGT ACG TTT
GCC GAT CGC CCA GGC TAT GGC GTG AAT
GAT T

�L10

OL L10 Del R AAT CAT TCA CGC CAT AGC CTG GGC GAT
CGG CAA ACG TAC CAA CCC ACC CAA CAG
AGA A

�L10

OL L11 Del F ATG ACC ACT ACT TTG GTG TTG GGT AAC
GCT GGT CGT AAC GGA AAA ATT TTC GTG
AGT

�L11

OL L11 Del R ACT CAC GAA AAT TTT TCC GTT ACG ACC
AGC GTT ACC CAA CAC CAA AGT AGT GGT
CAT

�L11

pM1155a NsiI F AGC TTC ATG CAT GCG ATT ACA AGG ATG
ACG ACG AT

For sub-cloning
into the phage
display vector

pM1155a NcoI R ATC CTC CAC CAC TAG TAC CAT GGT ACC AT For sub-cloning
into the phage
display vector

pET22b Msc1 F 5’-AGC CTG TGG CCA TGG CTA CTG AAA CCA
TGA CCG TTA CGG CAA

For sub-cloning
into the protein
expression vector

pET22b XhoI R 5’-TTG GCT CTC GAG CCA TTG ATA ACT CAC
GAA AAT TTT TCC GTT ACG A

For sub-cloning
into the protein
expression vector
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Figure 2.7: Functional phage-displayed wild-type ShuA requires the detergent LDAO. Phage-displayed wild-
type ShuA or STOP4 (negative control phage) were incubated in the prescence and absence of the detergent
LDAO with immobilized A) anti-FLAG antibody (↵-FLAG), B) anti-ShuA antibody (↵-ShuA), or C) methe-
moglobin (metHb). Relative levels of the bound phage-displayed ShuA variants were quantified by anti-M13
antibody conjugated to HRP. Throughout this report, each data point represents the average of three replicates,
and error bars indicate standard deviation around the mean.
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Figure 2.8: Phage-based ELISAs of peptide displayed ShuA Loop 7. Phage-displayed ShuA L7 peptide, full-
length ShuA alanine-substituted L7 variant (Ala-L7), wild-type ShuA (positive control phage) and STOP4
(negative control phage) were incubated with immobilized anti-ShuA antibody coated in microtiter plate wells.
Relative levels of the bound phage-displayed ShuA variants and peptide were quantified by anti-M13 antibody
conjugated to HRP. No binding was observed for phage-displayed ShuA Ala-L7 to the anti-ShuA antibody, but
the phage-displayed peptide ShuA Loop 7 bound the immobilized target. Throughout this report, each data
point represents the average of three replicates, and error bars indicate standard deviation around the mean.
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Figure 2.9: Phage-based ELISAs of phage-displayed wild-type ShuA treated with 4M Urea.
Phage-displayed wild-type ShuA and STOP4 (negative control phage) were assayed for binding in

the presence or absence of 4M Urea. Following treatment, the phage-displayed wild-type and
STOP4 were purified from excess urea through a second PEG precipitation and incubated with the
following immobilized targets: A) anti-ShuA antibody, B) met-Hemoglobin, or C) TonB. Relative

levels of the bound phage-displayed ShuA were quantified by anti-M13 antibody conjugated to HRP.
Phage-displayed wild-type ShuA treated with 4 M Urea did not bind to the met-hemoglobin or TonB

protein. However, binding is observed by denatured phage-displayed wild-type ShuA to the
immobilized anti-ShuA antibody. Throughout this study, each data point represents the average of

three replicates, and error bars indicate standard deviation around the mean.
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Figure 2.10: Phage-based ELISAs of ShuA extracellular loop deletion variants. To evaluate display levels, 50
nM of phage-displayed ShuA extracellular loop deletion variants, �L2 through �L11, and wild-type ShuA
(positive control) were assayed for binding to immobilized anti-FLAG antibody, which can recognize a FLAG
epitope fused to the N-terminus of the ShuA variants. A) Phage-displayed ShuA �L5, �L6v1, �L7v1, and
�L11v1 demonstrated display levels similar to wild-type ShuA (WT) B) No or low display levels were ob-
served for ShuA �L6v2, �L7v2, and �L11v2 when one or two native amino acid residue(s) were removed
as compared to wild-type ShuA (WT) and its loop deletion variants, ShuA �L2, �L3, �L4, �L9, and �L10.
Thus, this report focuses on the loop deletion variants that demonstrated similar display levels.
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Figure 2.11: Functional ShuA extracellular loop deletion variants displayed on the phage surface. Phage-
displayed ShuA loop deletion variants, �1 through �L11, wild-type ShuA (positive control phage) or STOP4
(negative control phage) were incubated with immobilized A and B) anti-FLAG antibody (↵-FLAG), C, D, and
E) anti-ShuA antibody (↵-ShuA), or F, G, H) methemoglobin (metHb). Relative levels of the bound phage-
displayed ShuA variants were quantified by anti-M13 antibody conjugated to HRP. Throughout this report, each
data point represents the average of three replicates, and error bars indicate standard deviation around the mean.
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Figure 2.12: SDS-PAGE analysis of TonB. Eluted fractions of a 92 residue C-terminal fragment of TonB
(residue 142 - 239) from S. dysenteriae was purified by size exclusion chromatrography, and visually examined
in a 12% Tris-glycine SDS-PAGE gel stained by coomassie. —textbfLane L. PageRuler Plus pre-stained pro-
tein ladder (ThermoFisher Scientific, Waltham, MA). Lanes 1 - 9. Are 15 µL samples of the 2 mL fractions
that were collected through size exclusion chromatrography. This purified TonB protein was coated on mi-
crotiter plates for TonB binding ELISAs with phage-displayed and detergent solubilized ShuA variants, using
conditions described above.
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Figure 2.13: SDS-PAGE analysis of met-hemoglobin. A sample of met-hemoglobin purified from human red
blood cells was and visually examined in a 12% Tris-glycine SDS-PAGE gel stained by coomassie. Lane L.
PageRuler Plus pre-stained protein ladder (ThermoFisher Scientific, Waltham, MA). Lane 1. A 5 µL sample
of 1 mg/mL met-hemoglobin. This protein sample was coated on to microtiter plates for hemoglobin binding
ELISAs with phage-displayed and and detergent solubilized ShuA variants, using conditions described above.
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Chapter 3

Accelerating Enzymatic Biocatalysis Using

Vortex Fluidics

Abstract

Enzymes catalyze chemical transformations with outstanding stereo- and regio-specificities,

but many enzymes are limited by their long reaction times. A general method to accelerate enzymes

using pressure waves contained within thin films is described. Each enzyme responds best to specific

frequencies of pressure waves, and an acceleration landscape for each protein is reported. A vor-

tex fluidic device introduces pressure waves that drive increased rate constants (kcat) and enzymatic

efficiency (kcat/KM ). Four enzymes displayed an average seven-fold acceleration, with deoxyribose-

5-phosphate aldolase (DERA) achieving an average 15-fold enhancement using this approach. In

solving a common problem in enzyme catalysis, a powerful, generalizable tool for enzyme acceler-

ation has been uncovered. This research provides new insights into previously uncontrolled factors

affecting enzyme function.
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3.1 Introduction German Edition: DOI: 10.1002/ange.201604014Biocatalysis
International Edition: DOI: 10.1002/anie.201604014

Accelerating Enzymatic Catalysis Using Vortex Fluidics
Joshua Britton, Luz M. Meneghini, Colin L. Raston,* and Gregory A. Weiss*

Abstract: Enzymes catalyze chemical transformations with
outstanding stereo- and regio-specificities, but many enzymes
are limited by their long reaction times. A general method to
accelerate enzymes using pressure waves contained within thin
films is described. Each enzyme responds best to specific
frequencies of pressure waves, and an acceleration landscape
for each protein is reported. A vortex fluidic device introduces
pressure waves that drive increased rate constants (kcat) and
enzymatic efficiency (kcat/Km). Four enzymes displayed an
average seven-fold acceleration, with deoxyribose-5-phosphate
aldolase (DERA) achieving an average 15-fold enhancement
using this approach. In solving a common problem in enzyme
catalysis, a powerful, generalizable tool for enzyme acceler-
ation has been uncovered. This research provides new insights
into previously uncontrolled factors affecting enzyme function.

Enzymes make life possible by catalyzing diverse and
challenging chemical transformations with exquisite specific-
ity. Applications in both industry[1] and academia[2] rely on the
selectivity and power of enzymes to catalyze otherwise
challenging transformations. Biocatalysts offer remarkable
rate accelerations compared to the uncatalyzed reactions,
with typical rate accelerations (kcat/kuncat) of 105- to 1015-fold
faster.[3] Though some enzymes are diffusion-limited,[4] the
catalytic rates of enzymes are more typically limited by their
catalytic efficiency (kcat/Km); additionally, molecular crowd-
ing, along with product and substrate inhibition, can reduce
enzyme efficiency.[5] Though some enzymes catalyse trans-
formations with rapid rates (for example, laccases, fumarases,
and alcohol dehydrogenases),[6] other enzymes operate at
only modest reaction rates, requiring long reaction times and
carefully optimized conditions; for example, DERA requires
long processing times (hours to days), and is substrate-
inhibited.[7] We report a process that accelerates four different
enzymes at standard temperature and pressure, but many
other water-soluble enzymes could be accelerated as well.

Recently, vortex fluidic devices (VFDs) have been used to
accelerate covalent and noncovalent bond formation. VFDs

process solutions in thin films by the rapid rotation of
a sample tube (Figure 1).[8] Within the thin film, species are
subjected to high levels of shear stress, mass transfer, and
vibrational energy input at specific rotational speeds. For
example, the VFD demonstrated the effective folding of four
different proteins within minutes at standard temperature and
pressure.[9] The VFD has also been used to improve the
synthesis of lidocaine[10] and several other organic trans-
formations.[11] In a continuous flow regime, flow rates of up to
20 mL minˇ1 can be achieved to process up to 30 L per day in
the current benchtop configuration. Since VFD processing
increased the rates of organic reactions and protein folding,
we hypothesized that biocatalysis, which requires both
reactivity and the correct protein fold, could benefit as well.

Control reactions with alkaline phosphatase demon-
strated the requirements for high, specific rotational speeds
of the VFD to generate a thin film containing the enzyme for
accelerated catalysis (Supporting Information, Figures S2–4).
VFD-mediated acceleration of four biocatalysts was com-

Figure 1. The VFD and its Faraday waves. A) A representation of the
VFD. B) A VFD sample tube, containing 5 mL of solution rotating at
3500 rpm at a tilt angle q of 4588, shows Faraday waves formed within
the thin film. Such pressure waves, shown as an overlaid representa-
tion, can affect the enzyme–substrate complex. C) Enlargement of the
VFD-generated Faraday waves. Additional images of the Faraday waves
can be found in the Supporting Information, Figure S14.
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Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201604014.
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Figure 3.1: The VFD and its Faraday waves. A)
A representation of the VFD. B) A VFD sam-
ple tube, containing 5 mL of solution rotating at
3,500 rpm at a tilt angle ✓ of 45�, shows Faraday
waves formed within the thin film. Such pressure
waves, shown as an overlaid representation, can
affect the enzymesubstrate complex. C) Enlarge-
ment of the VFD-generated Faraday waves. Addi-
tional images of the Faraday waves can be found
in the Supporting Information, Figure 3.14.

Enzymes support life by catalyzing diverse

and challenging chemical transformations with high

regio-, chemo- and stereo-control at ambient condi-

tions. These features make them an attractive alterna-

tive to traditional metallo- and organocatalysis. Ap-

plications of enzymes as biocatalysts in both indus-

try1,2,3,4,5 and academia6,7,8,9,10 include the production

of biofuels, refinement of chemicals, and synthesis of

chiral intermediates for pharmaceuticals. However,

enzymes are constrained by their reaction rate, range

of substrates, and specific reaction conditions includ-

ing: pH, organic solvents, temperature.

Directed evolution is a useful method to ad-

dress these limitations by increasing the thermosta-

bility, robustness in hostile organic solvents, and sub-

strate promiscuity of enzymes. For example, direc-

tion evolution methods has been used to enhance en-

zymatic activity of DERA. This enzyme requires long

processing times (hours to days) to catalyze an inter-

mediate compound for the synthesis of Atorvastatin,

Lipotor. Mink and co-works applied directed evolu-

tion to enhance enzymatic activity of DERA using multiple rounds of error-prone PCR and extensively

screened through 20,000 protein variants. Site-directed mutagenesis was then used to consolidate the

most benefical mutations identified in the screen yeilded a DERA variant that exhibited a 10-fold in-

crease in enzymatic activity11. Although the approach afforded an active variant, the overall process
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can be time-consuming for the short deadline (weeks to months) that an industrial company is given

to develop and optimize a chemical reaction-scheme for a product.

In this thesis, I investigated the use of a vortex fluidic device (VFD) as an innovative method

for accelerating the rate of enzymatic activity, as an alternative to directed evolution. Compared to

the genetic method, the VFD uses mechanical forces to obtain a similar effect. As a result, the VFD

approach has the potential of savings considerable time by avoiding the complexities associated with

random mutagenesis, for the benefit of industrial applications.

Recently, VFDs have been used to accelerate covalent and noncovalent bond formation. VFDs

process solutions in thin films by the rapid rotation of a sample tube (Figure 3.1)12,13. Within the

thin film, species are subjected to high levels of shear stress, mass transfer, and vibrational energy

input at specific rotational speeds. For example, the VFD demonstrated the effective folding of four

different proteins within minutes at standard temperature and pressure14. The VFD has also been

used to improve the synthesis of lidocaine15 and several other organic transformations16,17,18. In a

continuous flow operation, flow rates of up to 20 mL min�1 can be achieved to process up to 30 L

per day in the current benchtop configuration. Since VFD processing increased the rates of organic

reactions and protein folding, we hypothesized that biocatalysis, which requires both reactivity and

the correct protein fold, could benefit as well.

In collaboration with Colin Raston’s group, the study reported here investigates whether VFD-

processing can improve enzymatic activity of four enzymes: Esterase, �-D-glycosidase, Alkaline

phosphatase and Deoxyribose 5-phosphate aldolase. Molecular weight, quaternary structure, and

reaction mechanism varied for each enzyme to identify properties that may benefit or hinder enzy-

matic activity at high rotational speeds in the VFD. Esterase (186 kDa, EC 3.1.1.1, Trimer) hydrolyze

carboxylic acid esters for lipid metabolism and cholesterol absorption in the cell. �-D-glycosidase

(MW 135 kDa, EC 3.2.1.21, Monomer) hydrolyze the glycosidic bond of a carbohydrate moiety

to release nonreducing terminal glycosyl residues, glycoside and oligosaccharides. Alkaline phos-

phatase (MW 46 kDa, E.C 3.1.3.1, Monomer) is responsible for removing phosphate groups from
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nucleotides, proteins, and alkaloids. Deoxyribose 5-phosphate aldolase (DERA, MW 62.5 kDa, EC

4.1.2.4, Dimer) catalyzes the reversible cleavage of 2-deoxyribose-5-phosphate to acetaldehyde and

D-glyceraldehyde-3-phosphate for nucleotide metabolism in the DNA salvage pathway.

In addition to examining variables introduced by the enzymes, features of the VFD were exam-

ined to identify the most important parameter that affects enzymatic activity19. Solution of enzyme

and substrate were subjected to different rotational speeds, processing times, temperatures, centrifu-

gal forces, and mixing. These studies demonstrate for the first time that enzymatic activity can be

enhanced at specific rotational speeds in the VFD when they form micrometer thin-films. These stud-

ies provides a new method to use mechanical forces to enhance enzymatic activity without the needs

to perform large scale mutagenesis studies.

The following section highlights the work achieved with DERA to optimize the enzymatic

reaction for VFD processing. Similar studies were accomplished with the remaining four enzymes,

as reported in Britton, J.; Meneghini, L. M.; Raston, C. L.; Weiss, G. A., Accelerating Enzymatic

Catalysis Using Vortex Fluidics. Angew Chem Int Edit 2016, 55 (38), 11387-11391.

3.2 Results and Discussion

Optimizing enzymatic reactions for VFD-processing studies

Deoxyribose 5-phosphate aldolase (DERA) from Plasmodium yoelii was choosen for this in-

vestigation because it is a well characterized enzyme and its crystal structure has been reported20.

It has a TIM ↵/� barrel fold that is common amongst all aldolases. It consist of nine alpha helices

(↵1-↵9) in the outer perimeter of the molecule and eight parallel �-strands (�1-�8) in the center

(Figure 3.2). Lys 167 sits in the center of DERA at the active site. This lysine is essential for the for-

mation of a schiff base intermediate during catalysis. For these studies, DERA was overexpressed and

purified using the previously described methods by Vedadi et al 2007, with minor modifications20.
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Figure 3.2: Crystal structure of DERA (2A4A). View of a ribbon diagram of DERA showing the TIM barrel
fold with helices (↵1–↵9) in blue at the outer perimeter of the molecule and parallel �-strands (�1–�8) colored
in orange in the center of the molecule20. This figure was generated using UCSF Chimera21

Wild-type DERA with an N-terminal 6X-His-tag was recombinantly expressed as a soluble

protein in E. coli rosetta (DE3) cells. This host strain is required to supply tRNAs for six rarely

used codons (AGG, AGA, AUA, CUA, CCC, GGA). DERA protein was purified from the cell lysate

by weak-anion followed by Ni2+ affinity chromatography. SDS-PAGE analysis demonstrates the

protein is ⇡ 95% pure, and yields 50 mg/L of purified DERA protein (Figure 3.3). Size exclusion

chromatography was used to remove higher and lower molecular weight contaminants. In addition,

the elution buffer was exchanged for an activity buffer (100 mM Bis-tris propane, pH 8.5 50 mM

NaCl) that is required for subsequent assays.

DERA was assayed for enzymatic activity using a synthesized fluorogenic substrate, 7-deoxyribosyl-

4-methyl umbelliferone. As shown in Figure 3.4, DERA catalyzes the cleavage of 7- deoxyribosyl-4-

methyl umbelliferone to release methylglyoxal and the fluorescent product, 4-methylumbelliferone.

The reaction is monitored at 470 nm in a microtiter fluorescent plate reader. The activity assay demon-

strates the purified DERA protein is active, but its rate of catalysis is slow (Figure 3.4). The enzyme-

catalyzed reaction reaches equilibrium after 5 hours. No change in fluorescence is observed in the

substrate only negative control, as expected. These results indicate the measured fluorescent product
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Figure 3.3: Step-wise purification of DERA. In this 12% Tris-glycine SDS-PAGE, each lane was loaded with
15 /muL of sample. Lane L. PageRuler Plus pre-stained protein ladder (ThermoFisher Scientific, Waltham,
MA). Lane 1. 6X SDS loading dye used in all lanes. Lane 2. Cell lysate after centrifugation at 15 krpm for 1 h.
Lane 3. Flow-through after weak anion exchange. Lane 4. Wash following anion exchange chromatography.
Lane 5. Flow-through from the Ni2+ IMAC chromatography purification of the solution visualized in lane 3.
Lane 6. Wash of the Ni2+ IMAC column with buffer B. Lane 7. Eluted py-DERA from Ni2+ IMAC column
with elution buffer (50 mM Hepes pH 7.5, 200 mM NaCl, 100 mM imidazole, 10 mM BME, 5% glycerol). The
protein fraction visualized in this lane was dialyzed into the assay buffer before further experiments.

in the enzyme-catalyzed reaction is produced by active DERA protein.

The next objective was to identify the lowest concentration of DERA for a VFD scale study.

A low concentration of DERA would extend the length of time required between expressing and

purifying the protein to investigate the effects of enzymatic catalysis in the VFD. For the enzymatic

reaction to benefit from VFD processing a volume of about 1.3 mL is required. This volume is

necessary for the enzymatic reaction to generate a 250 µm thick microfluidic film along the length of

the glass NMR tube at high rotational speeds. In addition, the solution of purified protein is further

depleted by assembling an identical enzyme-substrate mixture that is not treated in the VFD, and

serves as the negative control.
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Figure 3.4: DERA activity assay exhibits the enzyme is very slow. Inset:Schematic representation of DERA
activity assay. DERA catalyzes the cleavage of the substrate, 7-deoxyribosyl-4-methyl umbelliferone. This
reaction can be monitored by the release of the fluorogenic product, 4-methylumbelliferone, at 470nm.

Ten-fold serial dilutions of DERA enzyme were assembled with equal concentrations of the

fluorogenic substrate to identify the lowest concentration of DERA in a 1.3 mL that exhibits a robust

signal. For these studies robustness was defined as a reaction that consumes most of the substrate

in less than 6 hours. Figure 3.5 demonstrates DERA concentrations at 100 µM and 10 µM adheres

to the time limit criterion. Most of the substrate was consumed in 4 hours and 6 hours, respectively.

Concentrations of DERA below 1 µM did not produce a detectable quantity of 4-methylumbelliferone.

At such low concentrations of DERA the fluorescence measurements were similar to the substrate and

buffer negative control. For the remainder of these studies, a final concentration of 10 µM of DERA

was used for all VFD assays. At this concentration 1 L of expression media produces enough purified

DERA to prepare ⇡250 enzymatic reactions at a volume of 1.3 mL.

The next goal was to identify a denaturant or inhibitor that can effectively stop the DERA

activity assay. This step is essential for obtaining an accurate measurement of the amount of 4-

methylumbelliferone released by DERA when it is spinning in the VFD, as compared to sitting on the

benchtop. A typical VFD assay can take a minute or two from the time the enzyme-substrate solution

stops spinning in the machine to be measured in the fluorescent plate reader. During these couple
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Figure 3.5: Identifying the lowest concentration of DERA for VFD-mediated studies. To determine the lowest
concentration of DERA that is best suited for VFD studies, a stock of 100µM stock of purified DERA protein
was prepared and serial diluted by 10-fold (100 µM–0.00001µM). Equal amount of the 7-deoxyribosyl-4-
methyl umbelliferone substrate (0.52mM) was added to each sample, and enzymatic catalysis was monitored
over time. Data point represents the average of 3 technical replicas.

of minutes, the enzyme is catalyzing the substrate. In addition, interpretation of the results can be

further complicated if a fluorescent plate reader is not readily available when the samples need to be

measured. Therefore, finding an enzyme inhibitor that immediately halts the reaction after the VFD

has stopped spinning is essential. However, they must meet the following two requirements.

First, the volume of the enzyme inhibitor cannot exceed 10% of the 1.3 mL enzymatic activity

assay. The fluorescent plate reader can only read 0.2 mL of the volume reaction volume, which is

1/6th of the product formed. Limiting the inhibitor volume to 10% ensures the product formed is

in a detectable range. Second, the DERA inhibitor cannot react with the uncatalyzed substrate or

interfere with fluorescence readings of the product. Most samples are measured immediately after

the activity assay has ended. However, there are times the fluorescent plate reader is not available or

the next reaction is being prepared. During these occasions the samples must be able to sit at room

temperature (23�C) without jeopardizing the stability of the compounds in the reaction mixture.
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Inhibitors of DERA were screened by preparing identical enzyme–substrate solutions in the

presence of different solvents or denaturants. Each solution was evaluated for catalytic activity in

the fluorescent plate reader, as well as observable color changes or opacity. Figure 3.6 demonstrates

chloroacetaldehyde is the most effective inhibitor of DERA, and it does not affect the solubility of the

substrate or product. Acetone, acrolein, and acidic acid resulted in precipitation of the substrate in

the enzyme-substrate solution. The solution appeared visibly opaque and a decrease in fluorescence

was observed, compared to the substrate only negative control. Most likely the precipitation occurred

because the substrate is very hydrophobic and insoluble in polar solvents. The next objective was to

investigate the effects of enzymatic activity in a VFD when time, rotational speed and other variables

were changed one factor at a time.
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Figure 3.6: Identifying a DERA activity assay quencher for VFD-mediated studies. A) Denaturants and solvents
were added to a solution of 10µM purified DERA protein and 0.52 mM 7-deoxyribosyl-4-methyl umbellifer-
one substrate. Enzymatic catalysis was monitored over time for suppressed enzymatic activity. B) Identical
concentration of the denaturants and solvents were added to the substrate without the presence of enzyme. The
substrates was monitored over time for changes in solubility, degradation, and signal emission. Data point
represents the average of 3 technical replicas.
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Investigating the effects of VFD-processed reactions

Two identical samples of enzyme and substrate solutions were prepared to systematically eval-

uate conditions that result in VFD-mediated acceleration of �-glucosidase, esterase, DERA, and al-

kaline phosphatase. One sample served as the experimental. This sample was spun in the VFD to test

processing time, rotational speed, tilt angle of the sample chamber, concentration of reaction com-

ponents, and other parameters that could affect enzymatic activity in the device. The second sample

served as a positive control. This sample is not treated in the VFD, and it catalyzes the substrate

conventionally by remaining stationary on the benchtop. Fold acceleration was determined by the

ratio of product formed between the VFD-processed and the non-VFD treated sample. Unless stated

otherwise, the rotational speed of the sample tube, processing time in the VFD, and concentration of

the reaction components were changed one variable at a time.

Processing times of the VFD treated samples were varied to identify the shortest duration re-

quired for enhanced enzymatic activity. �-glucosidase, esterase, and alkaline phosphatase were spun

at 5 minute increments for up to 30 minutes. DERA was processed in the VFD at 20 minute incre-

ments for up to 3 hours. On average a 1.5 fold enhancement was observed by the four enzymes (Fig-

ure 3.7 and 3.15A). �-glucosidase exhibited the highest VFD-based enhancement (4-fold) after 20

minutes of spinning at 8,000 rpm. However, longer reaction times demonstrated the VFD-processed

and the non-VFD treated samples consume the substrate at similar levels, suggesting VFD-mediate

acceleration is limited by the catalytic rate of the enzyme.

The substrate and enzyme concentrations were simultaneously varied for the rapid scanning of

reaction space to find effective reaction conditions (Figure 3.8, 3.15 B). This optimization unexpect-

edly revealed that VFD-mediated enzyme reactions are less susceptible to substrate inhibition than the

conventional conditions. For example, �-glucosidase without VFD processing encounters substrate

inhibition at around 3.1 mM 4-nitrophenyl �-d-glucopyranoside; VFD processing prevents the onset

of substrate inhibition up to an almost three-fold higher concentration (Figure 3.8 B). With the ex-
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Figure 3.7: Variation in VFD-mediated reaction times at various rotational speeds for the four enzymes. (A)
Alkaline phosphatase (B) �-glucosidase (C) esterase and (D) DERA were processed as previously described,
and the fold acceleration calculated through comparison to identical enzyme-substrate solutions that were not
VFD-processed. Error is indicated as standard deviation around the mean (n=3). The concentration of enzyme
and substrate used in the above experiment are as follows (1.30 mL total volume): Alkaline phosphatase (6.77
nM) and its substrate p-nitrophenol phosphate (0.167 mM), �-glucosidase (19.3 nM) and its substrate 4- nitro-
phenyl �-D-glucopyranoside (7.5 mM), esterase (0.12 nM) and its substrate p-nitrophenol acetate (44 µM) and
DERA (7.69 µM) and its fluorogenic substrate (0.52 mM)
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ception of DERA, the three other enzymes tolerated higher concentrations of substrate without losing

VFD-mediated acceleration. This decrease in substrate inhibition suggests that the VFD increases the

enzymatic kcat, as further demonstrated below.

Figure 3.8: Rapid scanning of reaction space by simultaneously altering the concentrations of substrates and
their respective enzymes. In this representation, the amount of product generated is plotted vs. the concentration
of substrate in the solution. (A) alkaline phosphatase, (B) �-glucosidase, (C) esterase and (D) DERA. Error is
indicated as standard deviation around the mean (n=3). The rotational speed used for analyzing the effect of
substrate concentration on DERA was non-optimized here, hence why little difference is observed. However,
variation of the rotational speed (Figure 3.8 C) gives high levels of enhancement.

Rotational speed of the VFD treated samples were also varied between 6,000 rpm and 8,500

rpm at 50 rpm increments to evaluate the affect it has on enzymatic activity. Figures 3.9 and 3.15

C demonstrates each enzyme is highly dependent on a specific rotational speed for enhanced ac-

tivity. Such requirements likely reflect differences in enzyme size, structure, and dynamics. VFD-

processed esterase exhibited the lowest enhancement (2-fold) at 8,000 rpm. At all other rotational
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speeds, VFD-processed esterase consumed similar levels of substrate as the non-VFD-treated en-

zyme. VFD-processed alkaline phosphatase and �- glucosidase both displayed a 5-fold increase in

their enzymatic activity at 7,300 rpm and 7,800 rpm, respectively. VFD-processed DERA exhib-

ited the maximum enhancement of enzyme activity by 15-fold at 7,900 rpm (Figure 3.9), and sur-

passing the 10-fold increase in enzymatic activity displayed by a DERA variant that was identified

through a directed evolution screen11. These results highlight the potential of using the VFD as a tool

for enhancing enzymatic activity within a few days, and circumventing the mutagenesis and library

screening steps that require weeks to months for accomplishing a similar goal.

The VFD studies described above demonstrate that enzymatic activity was accelerated when

the enzyme-substrate samples are spun at specific high rotational speeds. We hypothesize that it

results from mechanical vibrations that are generated by the rotating NMR tube, and travels through

the enzyme-substrate sample. Specifically, the mechanical vibrations may cause shear stress, mass

transfer, and kinetic energy to travel through the thin films of enzyme-substrate solution in the NMR

tube, and affect enzymatic catalysis. To test the validity of the hypothesis, five experiments were

performed to evaluate whether enzymatic acceleration in the VFD is attributed to the unique features

of the device, or how enhancement was measured.

Centrifuging and mixing were evaluated to deduce their contribution to VFD-mediated en-

zyme activity enhancements. First, identical enzyme-substrate solutions of alkaline phosphatase and

p-nitrophenol phosphate were spun in a bench top centrifuge in 1,000 rpm increments between 4,000

rpm to 14, 000 rpm to mimic the introduction of centrifugal forces inside the VFD sample tube.

Figure 3.10 demonstrated no increase in enzymatic activity resulted from centrifugation. Second, a

solution of �-glucosidase and 4-nitrophenyl �-D- glucopyranoside was vigorously mixed by a labo-

ratory vortexer to compare whether generating a thin-film in the VFD is required, or would proper

mixing suffice. No rate enhancement was observed from vortexing, suggesting the thin-film generated

by the device is essential for enzymatic acceleration(Figure 3.11).

Next, the VFD was monitored by a thermal imaging IR camera to evaluate whether temperature
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Figure 3.10: Centrifugation compared to VFD-mediated processing. The centrifuged sample has no observed
rate acceleration at any rotational speed.

Figure 3.11: Vortexed enzyme-substrate solution in a conventional bench top vortex. In this experiment, �-
glucosidase (77 nM solution, 325 µL) and 4-nitrophenyl �-D-glucopyranoside (0.01 M solution, 975 µL) were
used to examine the effects of vortexing on enzyme activity. In this example, the fold acceleration was not
calculated, as the conventional vortexer decreases enzyme activity.

increases due to fiction during VFD processing resulted in acceleration. Figure 3.12 A), demonstrates

that after 1 hour of processing the sample tube remains at slightly above ambient temperature with

any heat generation being localized to the upper bearing (Figure 3.12 A). Furthermore, the device has

been fitted with two O-rings, both on the lower bearing that limits heat transfer from the bearing to the
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sample tube (Figure 3.12 B). Additionally, experiments were conducted on a 1.30 mL scale to prevent

fluid in the sample tube from reaching same height as the the upper bearing, where heat transfer into

the fluid could take place (Figure 3.12 C). To further demonstrate the lack of significant heating by the

VFD, the solution temperature was measured directly by a thermometer in 1.30 mL of H2O processed

by the VFD at 8,000 rpm for 1 hour. The temperature of the solution rose slightly from 23.0 to 25.0

�C. Such a temperature increase has not been observed. Thus, the reported enzyme rate acceleration

likely results from vibrations induced by the rotating NMR tube, not increased temperature.

Figure 3.12: Control experiments and VFD features preventing friction-based temperature increases from im-
pacting enzyme assays. A) A thermal IR (FLIR) image of the device operating at a 8 krpm rotational speed
after 1 h of processing. The heat generated is localized to the upper and lower bearing, and the sample tube
remains at roughly ambient temperature (23 �C). B) The lower bearing contains two O-rings that stop direct
contact of the bearing to the sample tube. This design modification limits heat transfer to the sample tube and
allows the sample tube to remain at ambient temperature for sustained periods of time. C) In this experiment,
1.30 mL of blue food coloring, an identical volume to reactions reported here, was rotated at 8 krpm and the
distance the fluid traveled was monitored. This chosen volume ensures processed solutions do not enter into
the upper bearing region and become exposed to slightly elevated temperatures.

To ensure that irreversible protein folding was not driving enzymatic acceleration, a compara-

tive kinetic study was performed with VFD-processed and non-VFD-processed �-glucosidase and 4-

nitrophenyl �-D-glucopyranoside. In this experiment, �-glucosidase (77 nM solution, 2.00 mL) was
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added to a sample tube and rotated at 7850 rpm for 10 min. The enzyme was collected and 0.500 mL

of treated enzyme added to 0.500 mL of 0.01 M 4-nitrophenyl �-D-glucopyranoside. The solution

was immediately mixed and 100 µL was added to a 96-well micro plate for kinetic analysis. As a con-

trol, non-VFD-treated enzyme was also tested under identical conditions. There was no significant

difference in activities between VFD-processed and non-VFD-processed enzymes (Figure 3.13).

Figure 3.13: The effect of VFD-processing on the enzyme before the enzymatic catalysis. After 10 min of VFD
processing, the conversion of 4-nitrophenyl �-D-glucopyranoside to 4- nitrophenol catalyzed by �-glucosidase
was monitored at 351 nm. At this wavelength, the unquenched reaction can be monitored. The concentration
of �-glucosidase was 19.3 nM and its substrate 4-nitrophenyl �-D-glucopyranoside was 7.5 mM.

Lastly, the four substrates used in the VFD studies were spun under identical conditions that

generated a VFD-mediated response, without the prescence of enzyme. No evidence of substrate

conversion to product was observed. Having deduced centrifugation, mixing, temperature, enzyme

refolding and substrate degradation does not contribute to enzyme enhancement, we hypothesize that

enzymes are accelerated in the VFD by the instantaneous pressure changes generated by Faraday

waves.

Three possible mechanisms could harness such pressures. First, transient pressurization of the

active site around the substrate could occur. In this situation, a decrease in the active site volume

through pressurization22 could increase the turnover number of the enzyme; such enhancement fol-

lows from the Van’t Hoff equation23. Second, beneficial pressure-induced protein conformational
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changes could occur at accelerated rates24. As enzymatic catalysis correlates with protein motion,

faster enzyme oscillations could accelerate catalysis by contributing to the rate-determining process24.

Third, enzymatic catalysis requires a fine balance between protein stability and conformational flex-

ibility25. Pressure-driven conformational changes may increase enzyme activity through �- and ↵-

relaxations26. These small changes can lead to the acquisition of protein conformations more suited

for catalysis25.

Rotational speeds (frequencies) of the enzyme-substrate sample is specific for each enzyme

studied and appears to result from enzyme-specific preferences. Single-molecule experiments have

elucidated the range of speeds and conformations required for enzymatic catalysis, which are spe-

cific for each enzyme27. The range of acceleration observed here falls within the expected range of

enzyme speeds uncovered through such experiments. Thus, the VFD-driven rate acceleration could

simply shift the distribution of enzyme conformational states to favor catalytic events. In future ex-

periments, shaped Faraday waves with specific timing could provide further control and enhancement

of biocatalysis.

3.3 Conclusion

Enzymatic activity enhancement was observed in narrow peaks at multiple frequencies. On

average the enzymes displayed a five-fold enzymatic activity enhancement, with DERA achieving 15-

fold acceleration. This research provides further evidence of the importance that mechanical forces

can have on enzyme function, and sets the basis for investigating the possible use of vortex fluidic

devices to accelerate protein engineering studies. This enhancement technique could significantly

shorten times, lower costs, and reduce waste streams associated with protein expression for a wide

range of industrial and research applications.

In this chapter we have discussed the Vortex Fluidic Device as a new method to accelerate

enzymatic activity, which is a task that is traditionally accomplished by directed evolution. Rather
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than relying on genetic modifications, the VFD uses mechanical forces to achieve the same effects.

From a practical perspective, the VFD has the added benefit of a simplified procedure, since it requires

only to spin the enzymes and substrate samples for minutes to hours at a specific rotational speed

depending on the enzyme to achieve the enhancement. In contrast, directed evolution can take weeks

to months to identify a protein variant that demonstrates improved enzymatic activity.

To investigate whether the VFD can be used to improve enzymatic activity, we performed a

systematic study of rotational speed, processing time, and substrate concentration on four enzymes:

�-glucosidase, Esterase, alkaline phosphatease, and DERA. Results showed that rotational speed is

the most important control parameter. �-glucosidase demonstrated at best a 5-fold enhancement at

7900 rpm. Esterase top enhancement was a modest 2-fold enhancement at 8000 rpm. Alkaline phos-

phatease enhancement peaked at 7300 rpm with a 5-fold enhancement. Finally, DERA exhibited the

highest enhancement of the four enzymes, with a 15-fold increase at 7300 rpm. Fold-enhancement

is defined as the ratio between the amount of substrate processed by the enzyme in VFD, and the

same reaction outside of the VFD. DERA showed greater enhancement than the other three enzymes

because it was purified from the cell lysate.

It is known that pressure can be an important parameter for regulating enzyme activity, and

our best working hypothesis at the moment is that the VFD reaction enhancement is generated by the

shear stress, mass transfer, and kinetic energy that are induced in the solution by the vibrations of the

spinning NMR tube. A series of experiments were carried out to test the validity of such hypothesis.

In addition to the control sample which performed the reaction outside of the VFD, five experiments

were carried out, each targeting a specific variable that could affect the enzymatic activity, or how

enhancement was measured. These were:

1. Centrifugation: the samples were spun in a bench top centrifuge at the same rotational speeds

used in the VFD. This experiment was aimed at testing if centrifugal forces were the reason of

the improved reaction rate observed in the VFD.
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2. Mixing: the samples were vortexed to promote mixing. This experiment was aimed at testing if

the VFD enhancement was due to improved mixing of the enzyme and the substrate.

3. Temperature change: the VFD was imaged with an IR camera to identify changes in tempera-

ture. After one hour of spinning no significant temperature changes nor hot-spots were observed

in the sample tube.

4. Enzyme alone: the enzyme alone was spun in the VFD, and then later (without spinning) the

substrate was added to measure for its activity. This experiment was aimed at examining if the

denatured protein is re-folding in the VFD, and thus contributing to the observed enhacement.

5. Substate alone: the substrate alone was spun in the VFD, and then directly measured without

the presence of enzyme. This experiment was aimed at examining if the VFD was what is

breaking apart the substrate, and thus contributing to the observed enhacement.

None of these experiments showed significant variation of the reaction rate with respect of

the control. In other words, no enzymatic enhancement was observed. These experiments, although

limited in their scope, do not nullify the hypothesis that it is the vibrations-induced pressure in the

thin fluid that generates the enhancement.

The VFD establishes a general, simple method to make biocatalysis more practical. This study

provides the foundation for future investigations aimed at better characterizing the role of pressure on

enzymatic activity. Use of pressure to increase the enzymatic activity of enzymes may find numerous

biotechnological and laboratory applications.
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3.4 Materials And Methods

Unless otherwise indicated, all commercially available reagents and solvents were used di-

rectly from the supplier without further purification. Technical grade solvents and silica gel (60– 120

mesh) were used for column chromatography with visualization accomplished with UV light (254

nm) and/or a potassium permanganate solution (40 g K2CO3, 600 mL of water, 6.0 g KMnO4 and

5.0 mL 2.0 M NaOH). 1 H NMR and 13C NMR spectra were recorded at ambient temperature us-

ing CDCl3 (7.27 ppm) or D6-DMSO (2.50 ppm), unless otherwise indicated on a Brüker 400 MHz

spectrometer. Chemical shift values are expressed as parts per million (ppm) and J-values are in

Hertz (Hz). Splitting patterns are indicated as s:singlet, d:doublet, t:triplet, q:quartet, hex:hextet or

combination, br.s:broad singlet or m:multiplet. The vortex fluid device (VFD) sample tubes were

commercial quality borosilicate glass, with an internal diameter of 17.7 mm, and were cleaned with

piranha solution (4:1, sulfuric acid: H2O2), rinsed with diH2O, dried using acetone, and stored in an

oven at 160 �C prior to usage. FTIR spectra were collected using Perkin Elmer at 25 �C. Optical

rotation was measured using a Perkin Elmer device at RT using a 1.0 dm3 glass cell. All buffered

solutions were prepared with double-deionized water (diH2O, >18 MV) from a Milli-Q water system

(Millipore, Bedford, MA).

Composition of non-VFD solutions

In a 2.0 mL Eppendorf tube, enzyme and substrate in the appropriate buffer (below) were mixed

(final volume of 1.3 mL). The reaction proceeded for the indicated length of time and then quenched

as described below. A 100 µL aliquot of the reaction mixture was transferred to a 96– well plate

(Corning, UV transparent, pathlength of 0.375 cm) and the absorption was measured at the required

wavelength (µQuant; Biotek Instruments, Winooski, VT).
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General VFD-mediate enzyme acceleration

The outside length of the sample tube was lubricated with Dow Corning high vacuum grease

before insertion into the VFD. A solution of enzyme and substrate in buffer (1.30 mL) identical to the

comparison described above was added to this tube. The sample tube was then stoppered with a B19

Suba SealTM cap, and the tube rotated about its axis at the specified tilt angle for the indicated length

of time. Immediately after rotation, the solution was added to the quenching reagent to terminate the

reaction. The tube was then rinsed with the buffer and re-used in subsequent experiments. To measure

enzyme activity in this VFD-processed sample, 100 µL of the solution was added to a 96-well plate,

and the absorption measured at the specified wavelength (below). A ratio of this activity to activity

of the solution from the non-VFD treated sample determined the level of VFD-mediated enzyme

enhancement. All enzyme measurements were performed in triplicate unless otherwise stated.

Enzymes, Buffers and Assays

Alkaline phosphatase was purchased from Life Technologies (Fast thermosensitive alkaline

phosphatase, 1 U/L, 0.11 mM). �–glucosidase from almonds was purchased from Sigma and Aldrich

(Lyophilized powder, 2 U/mg). Esterase from porcine liver was purchased from Sigma and Aldrich

(lyophilized powder, >15 U/mg protein). These commercial enzymes were used without further

purification.

Cloning of py-DERA

The gene 2-deoxyribose-5-phosphate aldolase (DERA) from Plasmodium yoelli was purchased

from Addgene in DH5 alpha cells (Plasmid #25577). The QIAprep Spin Miniprep Kit (Qiagen) was

used as directed by the manufacturer to isolate plasmid DNA from an overnight culture of E. coli cells.

The following PCR parameters and oligonucleotides (Eurofins MWG Operon) were used to amplify

the py-DERA gene. iproof DNA Polymerase (BioRad) was used for all PCR amplification steps as
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directed in the manufacturers instructions. Ten ng of plasmid #25577 was used as the template for 1

cycle at 95 �C for 1 min, 30 cycles at 95 �C for 1 min, 60 �C for 1 min, and 72 �C for 1 min, and 1

cycle at 72 �C for 5 min.

Lig DERA Fwd: 50-GAC GAC GAC AAG ATG GCT AAT TAT ACA GAA AAA TTC GCA GCG

TGG TCA G -30

Lig DERA Rev: 50-GAG GAG AAG CCC GGT TCA TCA CAA TGG ACA TTG AGA AAT AAC

TTT TCT CAA TTT TAT CAC TAA TGA TGA TGA -30

DNA excised from agarose gels was purified using the QIAquick Gel Extraction Kit (QIA-

GEN). The purified PCR product was then used with the pET46 Ek/LIC Vector Kit (EMD Millipore

Novagen, Billerica, MA, USA) to generate the py-DERA recombinant protein expression vector. E.

coli TOP10 cells (Invitrogen) were used to isolate the plasmid prior to transformation into other het-

erologous hosts. Genewiz performed the DNA sequencing.

Expression and purification of py-DERA

The pET46-pyDERA construct was transformed into E. coli Rosetta (DE3) cells (Novagen).

The transformed cells were transferred to an LB agar plate supplemented with 50 µg/mL kanamycin

antibiotic, and incubated at 28 C for 14-16 h. A seed culture was prepared by inoculating a single

colony from the transformation plate in 50 mL of 2YT medium with 50 µg/mL kanamycin antibiotic

and shaking the culture at 225 rpm for 14-16 h at 28 C in a 250 mL baffled flask. The expression

culture was then prepared by inoculating 10 mL of the seed culture in 1.0 L of TB media (12 g

Tryptone, 24.0 g yeast extract, 4.0 mL glycerol, 0.17 M KH2PO4, 0.72 M K2HPO4) with 50 µg/mL

kanamycin and shaking the culture at 225 rpm in 28 �C (2.0 L baffled flask). When the optical density

of the culture reached A600 0.6, overexpression of py-DERA protein with a C-terminal 6x His-tag was

induced through addition of 0.50 mM isopropyl �-D thiogalactopyranoside (IPTG), and the mixture

was incubated further for 36 h at 15 �C with shaking at 225 rpm.

The cells were harvested and re-suspended in buffer A (50 mM Hepes pH 7.5, 200 mM NaCl,
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10 mM imidazole, 10 mM BME, 5% glycerol, 0.5% CHAPS, 250 units benzonase (Sigma), 1.0 mM

PMSF, and 1.0 mM benzamidine). The cell lysate was prepared by sonication (Digital Sonifier 450,

Branson, USA; std. horn, T <8 �C, 5 ⇥ 10 s pulses, 70% amplitude), followed by centrifugation

at 33,634 g for 60 min to remove cell debris. The supernatant was applied on to Ni2+ NTA column

pre-equilibrated with equilibration buffer (50 mM Hepes pH 7.5, 200 mM NaCl, 10 mM imidazole,

10 mM BME, 5% glycerol). The column was washed with buffer B (50 mM Hepes pH 7.5, 200 mM

NaCl, 30 mM imidazole, 10 mM BME, 5% glycerol), and purified pyDERA protein was eluted using

elution buffer (50 mM Hepes pH 7.5, 200 mM NaCl, 100 mM imidazole, 10 mM BME, 5% glycerol).

Fractions containing purified protein identified by SDS PAGE were pooled and concentrated using

microconcentration with a 10 kDa cutoff Amicon Ultra-15 Centrifugal Filter (EMD Millipore, Bil-

lerica, MA). Size exclusion chromatography was used to remove molecular weight contaminates and

exchange the elution buffer to an activity buffer for subsequent assays (100 mM Bis-tris propane, pH

8.5 50mM NaCl). A 95% homogeneous solution of the protein was confirmed using 12% SDS-PAGE

(coomassie brilliant blue stain). The protein concentrations were determined by A280 using 16305

M�1 cm�1 as the estimated molar extinction co-efficient and 30906.5 g/mol as the MW of the protein

(http://www.expasy.org).

Alkaline phosphatase

Buffer. The enzyme buffer, 1.0 M diethanolamine, was prepared as follows: 140 g of di-

ethanolamine was added to 1.0 L of H2O, then the pH of the solution was adjusted to pH 9.8 at 25

�C with 5 M HCl. This buffer was further diluted to 1 M diethanolamine, and 500 µL of 1 M MgCl2

was added. The resulting buffer was filtered-sterilized through a 0.22 µm filter (Corning), and stored

wrapped in aluminum foil at 4 �C.

Assay. Fast thermosensitive alkaline phosphatase (1.0 µL, 0.11 mM) was added to 10 mL of

the diethanolamine buffer to generate an enzyme stock solution (11.1 nM). This solution was made

fresh every two hours and stored on ice. Each sample was prepared by combining 0.800 mL of the
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enzyme stock solution and 0.500 mL of alkaline phosphatase liquid substrate system (pNPP, Sigma-

Aldrich, 0.435 mM); this solution (1.3 mL) was added to either an Eppendorf or VFD sample tube.

The reaction was incubated at 25 �C for 10 min unless otherwise indicated. After this time period, 4.0

M NaOH (150 µL) was added to quench the reaction. The sample (100 µL) was then transferred to

a 96-well micro plate reader, and the absorbance measured at 402 nm (�max). The molar absorption

coefficient of p-nitrophenol after the quench described above was 15644 M�1 cm�1.

� Glucosidase

Buffer. 50 mM sodium acetate, pH 5.0 buffer was prepared as follows: 4.37 g sodium acetate

(anhydrous) was dissolved in 1.0 L diH2O and ⇡1.1 mL of glacial acetic acid to generate a buffer of

pH 5.0 at 25 �C. The buffer was then filtered-sterilized through a 0.22 µm filter and stored at 25 �C.

Assay. In a 15 mL falcon tube, 5.0 mg of lyophilized �-glucosidase enzyme (Sigma) was

resuspended in 10 mL of 50 mM sodium acetate, pH 5.0 buffer. From this solution, a 100 µL aliquot

was transferred to 10 mL of 50 mM sodium acetate, pH 5.0 buffer to create a 77 nM solution. The

substrate solution consisted of 0.01 M 4-nitrophenyl �-D-glucopyranoside (31.25 mg) in 10 mL of 50

mM sodium acetate, pH 5.0 buffer. Each sample was prepared by combining 0.325 mL of the enzyme

stock solution and 0.975 mL of the substrate stock solution; this solution (1.30 mL total volume) was

added to either an Eppendorf or VFD sample tube. The reaction was performed for 10 min unless

otherwise indicated. Then, a solution of 0.70 M glycine, NaOH, pH 10.8 buffer (200 µL) was added

to quench the reaction. The sample was then transferred to a 96-well micro plate reader, and the

absorbance was measured at 405 nm. The molar absorption coefficient of p- nitrophenol after the

quench described above was 9413 M�1 cm�1.

Esterase

Buffer. 50 mM phosphate, pH 7.0 buffer was prepared as follows: 1.459 g of monosodium

phosphate and 3.867 g of dibasic phosphate were mixed in 500 mL of diH2O. The pH of the resulting
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solution was adjusted to pH 7.0 at 25 �C with 5.0 M HCl. The buffer was then filtered- sterilized

through a 0.22 µm filter and stored at 10 �C.

Assay. In a 15 mL falcon tube, 64 mg of p-nitrophenylacetate was re-suspended in 10 mL of

ACS Reagent SelectTM grade methanol (Sigma) to generate a stable solution that was stored at 4

�CC. Then, 3.0 mL of this solution was added to 100 mL of H2O with rapid mixing before further

dilution with 100 mL phosphate buffer (50 nM, pH 7.0) in generating a 0.052 mM stock solution.

The enzyme solution for esterase was prepared as follows. To a 15 mL falcon tube, 5.0 mg of

esterase was added, and dissolved in 10 mL phosphate buffer to create a working solution of 0.806

mM. This stock solution was further diluted to produce a 0.806 nM working solution. Each reaction

used 1.10 mL of substrate solution and 0.20 mL of enzyme solution (1.3 mL total volume). Unless

otherwise indicated, reactions were incubated for 20 min. To quench the reaction, 1.0 mL of propan-

1-ol was added. 100 µL of the sample was transferred to a 96-well reader microtiter plate, and the

absorbance measured at 405 nM. The molar absorption coefficient of p-nitrophenol after the quench

described above was 6423 M�1 cm�1.

DERA

Enzyme Assay Buffer. 100 mM bis-tris propane, pH 8.5 buffer was prepared as follows. 28.23

g bis-tris propane was dissolved into 900 mL nanopure water. The solution was adjusted to pH 8.5

at 25 �C with ⇡5 mL of conc. HCl and a final volume of 1 L. The solution was filtered- sterilized

through a 0.22 µm filter and stored at 25 �C.

Assay. The substrate solution was generated by resuspending 30 mg of 7-deoxyribosyl-4-

methylumbelliferone in 3.0 mL of DMSO. The volume was adjusted to 15 mL with 100 mM bis-tris

propane, pH 8.5 to generate a final 6.80 mM solution in 20% DMSO. The substrate solution was

wrapped in aluminum foil and stored at 25 �C.

Enzyme Solution. After dialyzing the recombinant py-DERA into 100 mM bis-tris propane, pH
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8.5, the protein concentration was determined by both A280 using (✏ = 16305 M�1 cm�1) and a MW

of 30906.5 g/mol, and Pierce BCA Protein Assay Kit (Thermo Scientific). A working stock of 10 µM

enzyme solution was prepared by either diluting with 100 mM bis-tris propane, pH 8.5 or through mi-

croconcentration with a 10 kDa cutoff Amicon Ultra- 15 Centrifugal Filter (EMD Millipore, Billerica,

MA). The purity of the protein was confirmed by 12% SDS-PAGE (Coomassie brilliant blue stain,

Figure S5 below), and the enzyme were assayed with 95% homogeneity. For each reaction, 100 µL

of the fluorogenic substrate was mixed with 1.2 mL of enzyme solution (1.30 mL total volume). The

enzyme reaction was incubated in the VFD or on the bench top for 2 h. To quench the reaction, 30

µL chloroacetaldehyde (⇡50% w/v in H2O) was added. Each sample was measured in triplicate with

a total volume of 200 µL in 96-well micro titer plates (96w Costar black/white bottom), and covered

with an optically transparent foil (MicroAmp, Applied Biosystems, USA). A fluorescence spectrom-

eter SpectraMax M2 (Molecular Devices, USA) quantified the release of the 4-methylumbelliferone

product; the samples were measured with fluorescence excitation at 360 nm and emission at 470 nm

at a constant temperature of 28 �C. The concentration of 4-methylumbelliferone was determined from

a standard curve.
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3.5 Supporting Information

Figure 3.14: Photographs of the Faraday waves generated in the VFD at different rotational speeds. (A) and
(B) This larger version of the photograph in Figure 3.1 depicts a Faraday wave generated in the VFD at 3.50
krpm rotational speed with 5.0 mL of water. Shown in black and white for higher levels of contrast. (C) and
(D) Photographs of the Faraday waves generated in the VFD at a 8.00 krpm rotational speed with 3.00 mL of
water. Shown in both black and white for high levels of contrast as well as original photograph. Photography
conditions taken using a Pentax-Kr camera with a 18-55 mm lens, shutter speed; 1/60, exposure; 0.7 EV,
focal length; 28.13 mm, with LED lighting. At higher rotational speeds the Faraday waves have much shorter
wavelengths.
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pared to identical unprocessed enzyme-substrate solutions for
efficient reaction optimization (Figure 2). The VFD process-
ing times were varied to identify short time periods (2 min to
3 h) suitable for further optimization (Figure 2 A). Esterase
produced a lower VFD-based enhancement (two-fold) com-
pared to the other three enzymes; esterase also needed longer
reactions times due to the enzyme�s requirements for low

substrate concentrations.[12] In general, after long time
periods, the substrate is expended and the unprocessed
solution can reach similar levels of substrate conversion.
Furthermore, the VFD-processed solutions have parallel
activities to their non-VFD counterparts for the first few
minutes before the rapid acceleration of the former (for
example, alkaline phosphatase in the Supporting Information,

Figure 2. Parameters for accelerated biocatalysis of the four enzymes. Fold acceleration was determined as the ratio of the VFD-mediated
substrate conversion to that of an identical enzyme–substrate solution not treated with the VFD. A) A time dependent study at a fixed rotational
speed (8000 rpm) reveals processing times for further optimization. As indicated with a ?, DERA required longer reaction times of 60, 80, 100,
120, 140, 160, and 180 min. B) Simultaneous changes to the substrate and enzyme concentrations at a 8000 rpm rotational speed mapped the
reaction landscape (Supporting Information, Table S2A–D). C) Rotational speed scans in 50 rpm increments identify harmonic oscillations
associated with Faraday wave-promoted biocatalysis. Error bars are larger for DERA than for any other enzyme due to the non-linear fluorescence
calibration curve of the product. D) Varying the tilt angle of the sample tube when processing alkaline phosphatase and its substrate identified
4588 as the optimal angle. Thus, a 4588 tilt angle was used herein. E) The addition of PEG dramatically affects alkaline phosphatase catalysis in the
non-VFD control. However, the VFD-processed solution demonstrated significant catalytic activity. Error bars indicate the standard deviation
around the mean (n =3 with three independent measurements on three different VFDs). With the exception of a single data point requiring 90%
confidence limits, all data reported have no overlapping errors within 95% confidence limits. The concentrations of the enzymes and substrates
are as follows: fast alkaline phosphatase (6.77 nm) and its substrate p-nitrophenol phosphate (0.17 mm), b-glucosidase (19.3 nm) and its
substrate 4-nitrophenyl b-d-glucopyranoside (7.5 mm), esterase (0.12 nm) and its substrate p-nitrophenol acetate (44 mm), and DERA (7.69 mm)
and its fluorogenic substrate (0.52 mm) unless otherwise indicated, and as described in the Supporting Information, Table S2A–D.
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Figure 3.15: Parameters for accelerated biocatalysis of the four enzymes. Fold acceleration was determined as
the ratio of the VFD-mediated substrate conversion to that of an identical enzymesubstrate solution not treated
with the VFD. A) A time dependent study at a fixed rotational speed (8,000 rpm) reveals processing times for
further optimization. As indicated with a ?, DERA required longer reaction times of 60, 80, 100, 120, 140, 160,
and 180 min. B) Simultaneous changes to the substrate and enzyme concentrations at a 8,000 rpm rotational
speed mapped the reaction landscape. C) Rotational speed scans in 50 rpm increments identify harmonic
oscillations associated with Faraday wave-promoted biocatalysis. Error bars are larger for DERA than for any
other enzyme due to the non-linear fluorescence calibration curve of the product. D) Varying the tilt angle of the
sample tube when processing alkaline phosphatase and its substrate identified 45� as the optimal angle. Thus,
a 45� tilt angle was used herein. E) The addition of PEG dramatically affects alkaline phosphatase catalysis in
the non-VFD control. However, the VFD-processed solution demonstrated significant catalytic activity. Error
bars indicate the standard deviation around the mean (n = 3) with three independent measurements on three
different VFDs.
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Figure 3.16: An SDS-PAGE of the enzymes used in this study. In this 12% Tris-glycine SDS-PAGE, each lane
was loaded with 5 µL of the indicated enzymes in 6X SDS loading dye. Lane L. PageRuler Plus pre-stained
protein ladder. Lane 1. Lyophilized �-glucosidase (65 KDa) was re-suspended in PBS to generate a 0.154 mM
solution. Lane 2. Lyophilized esterase (62 KDa) was re-suspended in PBS to generate a 0.161 mM solution
(w/v). Lane 3. Alkaline phosphatase (36 KDa) was used as purchased from the supplier. Lane 4. DERA (30
KDa) was re-suspended in its buffer (as described above) to a final concentration 0.194 mM.

To maintain the vibrations generating VFD-mediated enzyme acceleration, a 3D printed plastic col-
lar and interchangeable sleeve were created. Thus, a relatively inexpensive consumable part can be
worn and replaced to maintain enhancement. Without a collar on the upper part of the VFD, no en-
hancement is observed, directly linking the vibration of the sample tube within the collar to enzyme
acceleration. In addressing this concern, we created a plastic insert that can be replaced after four
hours of processing. In this experiment, an Airwolf 3D printer for ABS was used. The plastic density
was set to 100% for the interchangeable sleeve and 50% plastic density for the plastic collar. The 3D
printing files are available online at www.grabcad.com under ’VFD collar’.

Figure 3.17: The 3D printed VFD collar with the interchangeable plastic sleeve (center). This approach ensured
that the vibrations were maintained. After about 4 h, a new sleeve can be inserted, and the enzyme enhancement
maintained.
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Synthesis of the fluorophorogenic substrate for the DERA assay

Figure 3.18: The synthesis of the DERA assay substrate (compound 3) was adapted from the literature28.

Part 1: Toluenesulfonyl chloride (6.44 g, 33.77 mmol) was added in small portions over the course
of one hour to a stirring solution of 1-O-methyl-2-deoxy-D-ribose (5.00 g, 33.77 mmol) in anhydrous
pyridine (100 mL). This mixture was stirred vigorously for 15 h. Then, the solvent was removed
under reduced pressure to afford a dark gum. The residue was redissolved in EtOAc (150 mL),
washed with brine (1.0 M, 50 mL), saturated NaHCO3 (1.0 M, 50 mL), water (50 mL) and then brine
again (50 mL). The organic layer was dried over anhydrous Na2SO4, filtered and the solvent removed
under reduced pressure to yield a yellow gum. The intermediate product was confirmed by TLC
(pure EtOAc, Rf 0.75), and purified by column chromatography (neat EtOAc) to yield crude methyl
5-toluenesulfonyl-2-deoxyribose as an off-white gum, 3.32 g, 33% yield. Compound 2 had 1H and
13C NMR spectra identical to a previous report29.

Part 2: Crude methyl 5-toluenesulfonyl-2-deoxyriboside (2) (2.00 g, 6.62 mmol) was dissolved in
anhydrous DMF (20 mL). K2CO3 (1.87 g, 13.24 mmol) and methylumbelliferone (1.47 g, 8.27 mmol)
were added to this solution, which was then stirred at 75 �C for 15 h. Next, water (75 mL) was
added, and the product extracted with EtOAc (2 ⇥ 50 mL). The organic layer was washed with NaOH
(0.1 M, 50 mL), water (20 mL) and then dried using anhydrous MgSO4. The product solution was
concentrated in vacuo, and suspended in acetonitrile (5 mL) and water (15 mL). Dowex-WXD-100
(500 mg) ion exchange resin was added, and the solution stirred for 2 h. Next, the solution was
briefly exposed to reduced pressure to remove any generated methanol. The remaining solution was
the stirred for two days, filtered and then concentrated under vacuum. The product was purified
via column chromatography with an EtOAc:acetone gradient running from 100:0 to 80:20. TLC
confirmed the product purity (EtOAc, Rf - 0.46). The product (3) was isolated as a thick colorless oil,
which formed a white foam under vacuum, 440 mg, 24% yield. 1H NMR (400 MHz, DMSO-d6):
7.70 7.67 (m, 1 H, CH-1,4-enone), 7.01 6.95 (m, 2 H, CH-Aryl), 6.29 (d, J = 4.00 Hz, 0.30 H, CH↵),
6.21 (s, 0.82 H, CH), 6.17 (d, J = 4.00 Hz, 0.51 H, CH�), 5.43 5.39 (0.42 H, CH), 5.35 5.31 (0.46 H,
CH�), 5.16 (d, J = 4.00 Hz, 0.69 H) 4.27 3.92 (m, 4 H), 2.89 (s, 0.20 H↵), 2.73 (s, 0.21 H), 2.40 (s,
3 H), 2.37 2.33 (m, 1 H), 2.00 1.61 (br.m, 2 H) (Figure 3.19); 13C NMR; (100.0 MHz, DMSO-d6)
c 161.6, 160.2, 154.7, 153.4 (CH-1,4-enone), 126.5 113.2, 112.4, 111.2, 101.3, 98.0, 97.0 (CH aryl),
82.9, 80.9, 70.9, 70.7, 70.5, 69.0, 42.1, 39.7, 38.9, 30.7 and 18.1; FTIR(cm�1) 3400, 2928, 1699,
1608, 1557, 1511, 1427, 1389, 1368, 1281, 1266, 1204, 1149, 1069, 1016, 956, 845, 748, 706 and
636; [↵]24 D = +29 (c = 0.0016 g/mL, CH3OH). EIMS calc; 294.1 [M+Na]+, found; 317.1 (Figure
3.20). This compound (3) had 1H and 13C NMR spectra identical to the previous report28.
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Figure 3.19: Proton NMR of DERA substrate, 7-deoxyribosyl-4-methyl umbelliferone.
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Figure 3.20: Carbon NMR of DERA substrate, 7-deoxyribosyl-4-methyl umbelliferone.
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Conclusions and future directions

The common theme throughout this thesis has been the development of innovative approaches

aimed at accelerating protein engineering.

Phage display

First, phage display of membrane proteins was used to investigate the initial step in heme up-

take by the TonB-dependent transporter ShuA from Shigella dysenteriae. Phage display is a successful

technology because the 16.5 MDa bacteriophage can act as a large solubilization fusion partner and

also prevent aggregation of the membrane proteins. Given the challenges of producing integral mem-

brane proteins for biophysical studies, phage display may be useful for obtaining a large amount of

mutagenesis/functional data in cases where high-throughput assays can be devised.

The binding interaction between hemoglobin and ShuA was investigated by site-directed mu-

tagenesis. Specifically, each extracellular loop and histidines near the pore opening were substituted

with alanine or deleted to investigate their role in hemoglobin binding. The resulting 25 ShuA variants

were then displayed on the surface of an M13 bacteriophage as fusions to the P8 coat protein. Each

ShuA variant was evaluated for its display level and the ability to function by binding to hemoglobin.

This study showed that individual loops do not significantly contribute to hemoglobin binding. These

results overturned the widely accepted dogma concerning this protein, since ShuA’s extracellular

loops were previously thought to specialize in ligand recognition and heme-uptake, analogous to
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other outer membrane transporters.

Instead, ShuA may be binding to hemoglobin by cumulative weak interactions between its

extracellular loops, and two highly conserved histidine residues, H86 in the plug domain and H420

in extracellular loop 7. These observations were independently confirmed with detergent solubilized

ShuA protein variants. Additional follow-up studies showed that DEPC treatment of wild-type ShuA

also eliminates hemoglobin binding, ultimately suggesting exposed histidine residues are essential

for the ShuA-hemoglobin interaction. Another important result was a ShuA specific antibody could

target the exposed epitope on extracellular loop 7. This study with M13 phage displayed membrane

proteins required on average 60% less time and about 32-fold less culture volumes and materials

than conventional studies. Accelerating the functional characterization of the ShuA TonB dependent

transporter could facilitate in the development of therapeutic strategies that minimize the public health

impact caused by Shigella dysenteriae infections.

Shigella dysenteriae infections are becoming increasingly common in developing and devel-

oped countries, and the growing problem of multi-drug resistance illustrates the need for new drug

targets, such as ShuA. Through this study, useful data on the molecular basis of hemoglobin bind-

ing by ShuA was demonstrated. In particular, I have identified histidines and extracellular loop 7 as

good targets for developing vaccines and potentially pharmaceutical targets to disrupt Shigellas up-

take of heme, an essential nutrient for the bacterium. This approach could be applied to other �-barrel

membrane proteins for targeting anti-microbial therapeutics.

Future studies in this area could focus on:

• Investigating the mechanism of histidines in forming the ShuA-hemoglobin complex and sub-

sequent heme extraction. The crystal structure of apo-ShuA demonstrates His86 and His420

are 9.86 Å apart1, suggesting ShuA requires a conformational change for heme extraction. A

co-crystal structure of the ShuA-hemoglobin complex and FRET studies would elucidate the

mechanism histidines use to coordinate hemoglobin binding and heme extraction.
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• Dissecting the role that extracellular loops play in other steps in the heme-uptake mechanism.

Chapter 2 demonstrates specific motifs in the extracellular loop regions, which did not play

a significant role in hemoglobin recognition and binding. Our studies were performed in the

absence of TonB, which is required for heme transport into the bacterial cell. Potentially, the

presence of TonB allows the extracellular loops to participate in heme transport through the

�-barrel and into the periplasmic space.

VFD

Second, a vortex fluidic device (VFD) was used to accelerate enzyme catalyzed reactions with-

out relying on the traditional protein engineering methods of rational design or directed evolution.

The device operates by spinning a 20 mm NMR tube at high rotational speeds containing a solution

of enzyme and substrate. Within the sample tube the liquid travels upwards along the tube to generate

a thin film. The contents in the film experience high levels of shear stress, mass transfer, and kinetic

energy input. Originally, the intent of the vortex fluidic device was to accelerate organic synthesis

reactions. The tool was later applied to refold proteins, e.g., hen egg white lysozyme, protein kinase

A, and a soluble caveolin-1 variant, � TM cav-1. This was an important result because it suggested

that mechanical forces induced by the VFD, such as pressure and shear forces, can be used to refold

or increase the activity and stability of enzymes.

In our studies, the same technique was applied to four enzymes: deoxyribose-5-phosphate al-

dolase (DERA), alkaline phosphatase, esterase, and �-glucosidase. A systematic study of rotational

speed (i.e., frequency), processing time, and substrate concentration showed that rotational speed is

the most important control parameter. Enzymatic activity enhancement was observed in narrow peaks

at multiple frequencies. The enzymes displayed a median five-fold enzymatic activity enhancement,

with DERA achieving 15-fold acceleration at 7,900 rpm. This research provides further evidence of

the importance that mechanical forces can have on enzyme function, and sets the basis for investi-

gating the possible use of vortex fluidic devices to accelerate protein–engineering studies. This en-
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hancement technique could significantly shorten reaction times, lower costs, and reduce waste streams

associated with protein expression for a wide range of industrial and research applications.

Currently, VFD studies require mixing the enzyme and substrate then spinning the samples

for a specific interval of time, after which the enzyme reaction mixtures are assayed. Repeating

this procedure at specific time intervals provides pseudo kinetic measurements. Additional work is

required to isolate the specific mechanical forces that the VFD imparts on the enzymes in the sample

tube.

Future studies in this area should:

• Focus on determining whether vibrations generated by the device contribute to the observed en-

hanced enzymatic activity. A proposed approach is to induce vibrations at the same frequencies

at which enzymatic activity was enhanced in the VFD, but by other means. Since the rotational

speeds (!) at which the VFD operates are in the range of 6000 to 8250 rpm, this corresponds to

frequencies (f = !/2⇡) in the range of 1000 to 1300 Hz, which can be easily reproduced by a

mid-range audio speaker. Such a speaker could be placed in the vicinity or in direct contact to a

cuvette containing the reaction sample, and the audio waves (that propagate as pressure ripples

into the medium) could plausibly reproduce the same effects observed in the VFD. Similarly to

the VFD experiments, the control parameters for this experiment would include the frequency

of the audio waves, the time of exposure of the sample to the waves, the amount of solution.

In addition, this approach would have the benefit of allowing operations over a much broader

range of frequencies, and control of the amplitude of the pressure waves. Furthermore, because

the experimental setup is simpler (with less moving parts, literally) we can expect improved

reproducibility. In the event of a successful outcome, we can speculate that this approach could

scale to larger reaction volumes, with the associated benefits for industrial applications.

• Investigate if pressure and low temperature are the only important parameters for increased

enzymatic enhancement. This could be determined by using a pressurized glass tube as a con-
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trol. The level of pressure generated by the vibrations in the VFD is unknown and thus a

pressure scan should be performed. Enzymes unfold at pressures exceeding in the order of sev-

eral hundred bars2. Therefore, the enzymes should be subjected to pressures below such limit.

Quantifying the amount of pressure required to enhance enzymatic activity in the VFD would

eliminate the painstaking task of performing rotational scans from 6000 rpm – 8250 rpm at 50

rpm increments. Therefore, the VFD can be a more broadly applicable protein-engineering tool

to enhance enzymatic reactions with minor optimization.
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